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ABSTRACT
The purpose of this research is to synthesize new compounds containing lan-
thanides. Using slow diffusion crystallization methods and solid-state synthetic tech-
niques, different families of compounds comprising lanthanides were synthesized and
characterized by X-ray diffraction methods. Magnetic susceptibility measurements
were also employed to characterize a new zirconium compound and to study the
magnetic behavior of a family of isostructural reduced lanthanide-bromide clusters.
Four different families of compounds were synthesized by slow diffusion using trin-
uclear lanthanide complexes supported by TDCI (1,3,5-tris(dimethylamino)-1,3,5-
trideoxy-cis-inositol), [Ln3(TDCI)2(H2O)]6]
3+, and metallocyanates as linkers. The
combination of [Cr(CN)6]
3– and trinuclear complexes having the lanthanide ions
Gd3+, Tb3+ and Dy3+ results in a family of compounds that features 1D-chains.
[Fe(CN)6]
3– couple with trinuclear complexes containing Gd3+ - Er3+ yields a family
of compounds featuring 2D-networks. Using [Co(CN)6]
3–, a new family of compounds
characterized by 1D-chains is obtained when the trinuclear cluster has the lanthanide
ions Ho3+, Er3+ and Y3+. The last family of compounds was discovered when uti-
lizing tetracyanometallates, [M(CN)4]
2– (M = Ni, Pd and Pt); this new family of
compounds is composed of two trinuclear complexes and three linker units.
The solid-state synthesis using lanthanide bromides resulted in clusters with the
Y6I10Ru-type structure, Ln6Br10Co (Ln = Gd, Tb and Er) and Tb6Br10Ni. Magnetic
susceptibility of the Ln6Br10Co compounds, with 17e
– per cluster, revealed that
these compounds exhibit intracluster ferromagnetic coupling while the compound
Tb6Br10Ni, with 18e
– closed-shell configuration, does not. The encapsulation of C
ii
resulted in three new isostructural compounds adopting the form of Gd10C4Cl18,
Ln10Br18(C2)2 (Ln = Gd, Ho and Y).
A new reduced zirconium compound, [Zr6MnI12]4[MnI4]3, was obtained by solid
state synthesis. This new compound has Mn atoms in two different environments,
as interstitial and in tetrahedral cavities, and has three axial iodides. These features
are not known for other zirconium-cluster compounds or the lanthanides.
Computational methods were employed to obtain the energies and the frontier
molecular orbitals of three different spin patterns of a dinuclear gadolinium com-
plex. The involvement of the f-orbitals of the gadolinium ions help to understand
the observed magnetic behavior. A structural optimization of Zr6MnI12 was also
performed using DFT methods, and a reasonable structure and its frontier orbitals
were obtained.
In conclusion, the lanthanides have shown to be very versatile in the synthesis of
new compounds. Using slow diffusion crystallization, we synthesized four different
families of compounds having trinuclear lanthanide complexes and metallocyanates;
by solid-state synthetic methods, we obtained reduced lanthanide clusters and a
new reduced zirconium iodide compound, which were characterized by X-ray diffrac-
tion methods and magnetic susceptibility measurements. In addition, computation
methods were employed to find the energies of different spin patterns and molecular
frontier orbitals that helps us to better understand the bonding in lanthanide based
compounds.
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NOMENCLATURE
SMMs Single Molecule Magnets
SCMs Single Chain Magnets
SIMs Single Ion Magnets
Ln Lanthanide
POM Polyoxometallate
UV Ultraviolet
RE Rare Earth
MO Molecular Orbitals
TDCI 1,3,5-tris(dimethylamino)-1,3,5-trideoxy-cis-inositol
DMF Dimethylformamide
RT Room Temperature
DFT Density Functional Theory
BLYP Becke exchange and the Lee-Yang-Parr correlation
ECP Effective Core Potentials
DND Double-numerical + d-polarization
DOS Density of States
HOMO Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital
SQUID Superconducting QUantum Interference Device
vi
TABLE OF CONTENTS
Page
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii
DEDICATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
NOMENCLATURE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
TABLE OF CONTENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv
1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Cyanido-Bridge Complexes . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Solid-State Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.1 Exploratory Synthesis of Reduced-Rare-Earth Bromides . . . . 6
1.2.2 Synthesis of Reduced Zirconium Clusters . . . . . . . . . . . . 9
1.2.3 Background for Magnetic Properties in Gadolinium-Halide Clus-
ters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.2.4 Electronic Structure in Rare-Earth-Halide Clusters . . . . . . 11
2. SYNTHESES OF REACTANTS . . . . . . . . . . . . . . . . . . . . . . . 13
2.1 Synthesis of Potassium Tetracyanonickelate, K2[Ni(CN)4] . . . . . . . 13
2.2 Synthesis of Potassium Tetracyanopalladate, K2[Pd(CN)4] . . . . . . 14
2.3 Synthesis of Potassium Tetracyanoplatinate, K2[Pt(CN)4] . . . . . . . 14
2.4 Synthesis of Potassium Hexacyanochromate, K2[Cr(CN)6] . . . . . . . 16
2.5 Adam’s Catalyst, PtO2.
1 . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.6 Synthesis of TDCI . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.6.1 Diazotization of Sulfanilic Acid . . . . . . . . . . . . . . . . . 17
2.6.2 Azo Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.6.3 Catalytic Hydrogenation . . . . . . . . . . . . . . . . . . . . . 18
2.6.4 Isolation of (H+3TACI)2(SO4)3 . . . . . . . . . . . . . . . . . . 19
2.6.5 Reductive Methylation . . . . . . . . . . . . . . . . . . . . . . 20
vii
Page
2.6.6 Preparation of TDCI . . . . . . . . . . . . . . . . . . . . . . . 21
2.7 Synthesis of [RE(H2O)9](OTf)3, with RE = Gd - Er, Y . . . . . . . . 21
2.8 Synthesis of [RE3(TDCI)2(H2O)6](F3CSO3)3 with RE = Gd - Er, Y . 22
2.9 Synthesis of Anhydrous Rare-Earth Bromides . . . . . . . . . . . . . 22
2.10 Synthesis of Anhydrous Zirconium Tetraiodide . . . . . . . . . . . . . 23
2.11 Synthesis of Anhydrous Manganese Iodide . . . . . . . . . . . . . . . 24
3. SYNTHESIS OF NEW COORDINATION NETWORKS CONTAINING
TRINUCLEAR LANTHANIDE COMPLEXES AND HEXACYANOMET-
ALLATES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2.1 Synthesis of [Ln3(TDCI)2(H2O)6-x(µ−CN)xM(CN)6-x] . . . . . 26
3.2.2 X-Ray Data Collection . . . . . . . . . . . . . . . . . . . . . . 27
3.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.3.1 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.3.2 X-Ray Structure Studies . . . . . . . . . . . . . . . . . . . . . 33
3.4 Compounds Formed in Anhydrous Conditions . . . . . . . . . . . . . 46
3.4.1 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.4.2 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4. NEW COORDINATION COMPOUNDS COMPRISING TRINUCLEAR
LANTHANIDE COMPLEXES AND TETRACYANOMETALLATES . . . 52
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.2.1 Synthesis of the [Ln3(TDCI)2(H2O)4]2[M(CN)4]3 . . . . . . . . 52
4.2.2 X-Ray Data Collection . . . . . . . . . . . . . . . . . . . . . . 53
4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.3.1 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.3.2 Structure of [Ln3(TDCI)2(H2O)4]2[M(CN)4]3 . . . . . . . . . . 57
4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5. SYNTHESIS AND MAGNETIC PROPERTIES OF LANTHANIDE BRO-
MIDE CLUSTERS ADOPTING THE FORM Y6I10Ru . . . . . . . . . . . 65
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.2.1 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
viii
Page
5.2.2 X-Ray Powder Diffraction . . . . . . . . . . . . . . . . . . . . 66
5.2.3 Magnetic Measurements . . . . . . . . . . . . . . . . . . . . . 67
5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.3.1 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.3.2 Magnetic Measurements . . . . . . . . . . . . . . . . . . . . . 68
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
6. SYNTHESIS, STRUCTURE AND BONDING IN BIOCTAHEDRAL CLUS-
TERS ENCAPSULATING DICARBIDES . . . . . . . . . . . . . . . . . . 75
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.2.1 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.2.2 X-Ray Data Collection . . . . . . . . . . . . . . . . . . . . . . 76
6.2.3 Computational Studies . . . . . . . . . . . . . . . . . . . . . . 77
6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.3.1 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.3.2 Structural Features . . . . . . . . . . . . . . . . . . . . . . . . 79
6.3.3 Computational Studies . . . . . . . . . . . . . . . . . . . . . . 82
6.3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
7. NEW STRUCTURE IN THE ZIRCONIUM-IODIDE CLUSTER COM-
POUNDS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
7.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
7.2.1 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
7.2.2 X-Ray Diffraction Studies . . . . . . . . . . . . . . . . . . . . 88
7.2.3 Magnetic Measurements . . . . . . . . . . . . . . . . . . . . . 89
7.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 89
7.3.1 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
7.3.2 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
7.3.3 Magnetic Susceptibility . . . . . . . . . . . . . . . . . . . . . . 94
7.3.4 Electronic Structure . . . . . . . . . . . . . . . . . . . . . . . 94
7.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
8. IN SILICO STUDIES OF A DINUCLEAR LANTHANIDE COMPLEX
AND STRUCTURE OPTIMIZATION OF A ZIRCONIUM CLUSTER . . 98
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
8.2 Computational Details . . . . . . . . . . . . . . . . . . . . . . . . . . 99
ix
Page
8.2.1 Studies on a Dinuclear Gadolinium Complex Bridged by a Di-
azenido . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
8.2.2 Structure Optimization of Zr6MnI12 . . . . . . . . . . . . . . . 100
8.3 Results and Discussions . . . . . . . . . . . . . . . . . . . . . . . . . 100
8.3.1 Studies on a Digadolinum Complex Bridged by a Diazenido . 100
8.3.2 Structure Optimization of Zr6MnI12 . . . . . . . . . . . . . . . 104
8.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
9. CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
APPENDIX A. NMR SPECTRA OF TDCI AND ITS PRECURSORS . . . . 120
APPENDIX B. NEW STRUCTURES CONTAINING TRINUCLEAR LAN-
THANIDE CLUSTERS AND HEXACYANOMETALLATES . . . . . . . . 130
APPENDIX C. SOLID-STATE SYNTHESIS . . . . . . . . . . . . . . . . . . 135
x
LIST OF FIGURES
FIGURE Page
1.1 Double well potential that depicts the barrier energy to invert the S
states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Single magnet ions (SMIs) . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Structure of Nd(DMF)4(H2O)3(µ−CN)Fe(CN)5 · H2O (DMF = N,N-
Dimethylformamide) . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Structure of TDCI . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 Radial distribution probability of hydrogenic wave function as a func-
tion of the distance from the nucleus . . . . . . . . . . . . . . . . . . 6
1.6 A view down the c-axis shows the relative structural isolation of the
Y4Br4Os chains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.7 Chains of condensed octahedra sharing opposite edges . . . . . . . . . 8
1.8 Octahedral building block M6X12Z in which M represents a reduced
metal; X is a halogen, and Z is the interstitial atom . . . . . . . . . . 9
1.9 Schematic representation of the intraatomic exchange in Gd . . . . . 11
1.10 MO interaction diagram of a rare-earth-halide cluster encapsulating
a transition metal in which 18 cluster-based electrons applies for a
closed-shell cluster . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.1 Diazotization of sulfanilic acid . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Coupling reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3 [Ni(TACI)2]SO4] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4 Reductive methylation of TACI . . . . . . . . . . . . . . . . . . . . . 21
3.1 [Ln3(TDCI)2(H2O)6]
3+ . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2 Schematic representation of a vial . . . . . . . . . . . . . . . . . . . . 27
xi
FIGURE Page
3.3 A portion of the [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4] chain showing
the hydrogen bonding, which is represented as dashed lines . . . . . . 34
3.4 [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4] · nH2O . . . . . . . . . . . . . 36
3.5 Two layers of [Ln3(TDCI)2(H2O)4Cr(µ−CN)2(CN)4]. The complexes
in blue represent the layer on top and the purple complexes are the
layer below . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.6 View through the b-axis of [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4] . . 38
3.7 2D-network of [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3]: View through
the b-axis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.8 [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3] . . . . . . . . . . . . . . . . . 41
3.9 View through the c-axis of [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3] . . 43
3.10 Side view of a complex and the linker . . . . . . . . . . . . . . . . . . 44
3.11 View through the b-axis of [Ln3(TDCI)2(H2O)4(µ−CN)2Co(CN)4] . . 46
3.12 [Ln3(TDCI)2(H2O)4(µ−CN)2Co(CN)4] . . . . . . . . . . . . . . . . . 47
3.13 Ladder-like structure without the ligand TDCI . . . . . . . . . . . . . 49
3.14 Packing of the ladder-like structure without the ligand TDCI . . . . . 49
4.1 Schematic representation of a vial . . . . . . . . . . . . . . . . . . . . 53
4.2 Co-oligomer viewed through the b-axis . . . . . . . . . . . . . . . . . 57
4.3 [Ln3(TDCI)2(H2O)4]2[Pd(CN)4]3 . . . . . . . . . . . . . . . . . . . . . 58
4.4 Co-oligomers linked by hydrogen bonding . . . . . . . . . . . . . . . . 63
4.5 View through the a axis . . . . . . . . . . . . . . . . . . . . . . . . . 63
5.1 Portion of the Gd6Br10Co structure
2 . . . . . . . . . . . . . . . . . . 65
5.2 Sample holder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.3 Magnetic susceptibility of Gd6Br10Co at 1T . . . . . . . . . . . . . . 70
xii
FIGURE Page
5.4 Magnetic susceptibility of Tb6Br10Co at 1T . . . . . . . . . . . . . . 70
5.5 Magnetic susceptibility of Er6Br10Co at 1T . . . . . . . . . . . . . . . 71
5.6 Magnetic susceptibility of Tb6Br10Ni at 1T . . . . . . . . . . . . . . . 71
5.7 Magnetic susceptibility comparison at 1T . . . . . . . . . . . . . . . . 74
6.1 Space filling model of the compound Ho6Br10(C2)2 seen from the b-
axis that shows the ABC packing. Bromides are depicted as green,
holmium as blue, and carbon as black spheres . . . . . . . . . . . . . 78
6.2 Interconnections among bioctahedral clusters in compounds having
the formula Ln10Br18(C2)2 . . . . . . . . . . . . . . . . . . . . . . . . 80
6.3 Bioctahedral cluster that comprises Ln10Br18(C2)2 . . . . . . . . . . . 81
6.4 Frontier molecular orbitals of Y10Br18(C2)2 . . . . . . . . . . . . . . . 83
6.5 Density of states for carbon . . . . . . . . . . . . . . . . . . . . . . . 84
6.6 Density of states for yttrium . . . . . . . . . . . . . . . . . . . . . . . 84
7.1 Coordination environment around the tetrahedral Mn. The pink oc-
tahedra represents [Zr6Mn] and the purple atoms are iodines . . . . . 87
7.2 Twin law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
7.3 Only the Ia–i, Ii–a and Ia of the central cluster are shown for clarity.
The Zr atoms are depicted as orange, Mn as pink, and I as purple. . 92
7.4 Zirconium cluster and tetrahedral manganese with atomic labels . . . 93
7.5 Magnetic susceptibility of [Zr6MnI12]4[MnI4]3 at 1T . . . . . . . . . . 95
7.6 Curie constant fit for [Zr6MnI12]4[MnI4]3 at high temperature . . . . . 95
7.7 MO diagram of [Zr6MnI12]
+ . . . . . . . . . . . . . . . . . . . . . . . 96
8.1 [[(Me3Si)2N ]2(THF )2Gd2(N
3−
2 )] . . . . . . . . . . . . . . . . . . . . 98
8.2 Molecular orbitals for S = 13/2 . . . . . . . . . . . . . . . . . . . . . 102
8.3 Molecular orbitals for S = 1/2 . . . . . . . . . . . . . . . . . . . . . . 103
xiii
FIGURE Page
8.4 Molecular orbitals for S = 15/2 . . . . . . . . . . . . . . . . . . . . . 103
8.5 View of Zr6MnI12 through the b-axis . . . . . . . . . . . . . . . . . . 104
8.6 Frontier molecular orbitals for Zr6MnI12 . . . . . . . . . . . . . . . . 106
A.1 H1 NMR of trisodium tris[(p-sulfonatophenyl)azo]phloroglucinol in
d6−DMSO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
A.2 H1 NMR of crude TACI · 1.5H2SO4 in D2O . . . . . . . . . . . . . . . 122
A.3 C13 NMR of crude TACI · 1.5H2SO4 in D2O . . . . . . . . . . . . . . 123
A.4 H1 NMR of purified TACI · 1.5H2SO4 in D2O . . . . . . . . . . . . . . 124
A.5 C13 NMR of purified TACI · 1.5H2SO4 in D2O . . . . . . . . . . . . . 125
A.6 H1 NMR of TDCI · 1.5H2SO4 in D2O . . . . . . . . . . . . . . . . . . 126
A.7 C13 NMR of TDCI · 1.5H2SO4 in D2O . . . . . . . . . . . . . . . . . . 127
A.8 H1 NMR of TDCI in CDCl3 . . . . . . . . . . . . . . . . . . . . . . . 128
A.9 C13 NMR of TDCI in D2O . . . . . . . . . . . . . . . . . . . . . . . . 129
B.1 Sample vials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
C.1 Family of Ln6Br10Co . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
C.2 Optimization of [Zr6MnI12]4[MnI4]3 . . . . . . . . . . . . . . . . . . . 137
C.3 Optimization of [Zr6MnI12]4[MnI4]3 . . . . . . . . . . . . . . . . . . . 138
C.4 Holder with Si mirror with crystals of [Zr6MnI12]4[MnI4]3 . . . . . . . 139
C.5 Images of crystals of [Zr6MnI12]4[MnI4]3 . . . . . . . . . . . . . . . . . 139
xiv
LIST OF TABLES
TABLE Page
3.1 [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4]·nH2O: Lattice parameters and
volumes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2 [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4]·nH2O: Data collection and re-
finements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.3 [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3]·nH2O: Lattice parameters and
volumes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.4 [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3] ·nH2O: Data collection and re-
finements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.5 [Ln3(TDCI)2(H2O)4(µ−CN)2Co(CN)4]·nH2O: Lattice parameters and
volumes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.6 [Ln3(TDCI)2(H2O)4(µ−CN)2Co(CN)4] · nH2O: Data collection and
refinements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.7 [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4] · nH2O: Selected distances (A˚) 35
3.8 [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3] · nH2O: Selected distances (A˚) 42
3.9 [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3]: N · · · H−O hydrogen bond
distances (A˚) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.10 [Ln3(TDCI)2(H2O)4(µ−CN)2Co(CN)4] · nH2O: Selected distances (A˚) 45
4.1 [Ln3(TDCI)2(H2O)4]2[Ni(CN)4]3: Lattice parameters and volumes . . 54
4.2 [Ln3(TDCI)2(H2O)4]2[Ni(CN)4]3: Data collection and refinement . . . 54
4.3 [Ln3(TDCI)2(H2O)4]2[M(CN)4]3: Lattice parameters and volumes . . 55
4.4 [Ln3(TDCI)2(H2O)4]2[M(CN)4]3: Data collection and refinement . . . 56
4.5 [Ln3(TDCI)2(H2O)4]2[M(CN)4]3: Selected interatomic distances (A˚) . 60
4.6 [Ln3(TDCI)2(H2O)4]2[M(CN)4]3: Selected angles (
◦) . . . . . . . . . . 61
xv
TABLE Page
4.7 [Ln3(TDCI)2(H2O)4]2[M(CN)4]3: Hydrogen bonding distances (A˚) . . 61
5.1 Expected Curie constant for six independent Ln spins . . . . . . . . . 69
6.1 Lattice parameters and volumes . . . . . . . . . . . . . . . . . . . . . 76
6.2 Lattice parameters and volumes for RE10Br18(C2)2 . . . . . . . . . . 77
6.3 Data collection and refinement for RE10Br18(C2)2 . . . . . . . . . . . 79
6.4 Selected interatomic distances (A˚) . . . . . . . . . . . . . . . . . . . . 82
7.1 Data collection and refinement . . . . . . . . . . . . . . . . . . . . . . 88
7.2 Fractional atomic coordinates (x104) and equivalent isotropic displace-
ment parameters (A˚2x103) . . . . . . . . . . . . . . . . . . . . . . . . 89
7.3 Selected interatomic distances (A˚) and angles (◦) . . . . . . . . . . . 93
8.1 Calculated total spin populations . . . . . . . . . . . . . . . . . . . . 101
8.2 Selected interatomic distances (A˚) . . . . . . . . . . . . . . . . . . . . 105
B.1 Selected angles (◦) in [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4] . . . . . 132
B.2 Selected angles (◦) in [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3] . . . . . 133
B.3 Selected angles (◦) in [Ln3(TDCI)2(H2O)4(µ−CN)2Co(CN)4] . . . . . 134
xvi
1. INTRODUCTION
The studies discussed here are relevant in the rich field of molecular magnetism
- a term which refers to efforts to synthesize and to study magnetic molecules and
molecular solids.3These studies focus on solids containing either discrete cluster or
chains in which unpaired electrons confer a variety of magnetic properties.4 In the
field of molecular magnetism, experimentalists have focused their attention on Sin-
gle Molecular Magnets (SMMs), Single Chains Magnets (SCMs), and most recently
on Single Ion Magnets (SIMs) because of their promising applications as memory
devices,5–7 one result of their potential to exhibit magnetic anisotropy. SMMs con-
sist of metal ions or polynuclear cluster with high-spin ground states and in which
interactions occur mainly through interionic exchange.8 SCMs consist of chains with
weak interchain magnetic interactions and large easy-axis magnetic anisotropy,9 and
their properties can be tuned by the application of a magnetic field.10 SIMs consist
of only one ion combining a high-spin state and magnetic anisotropy that results in
a slow relaxation of the magnetization.7 In attempts to synthesize potential SMMs,
SCMs and SIMs, researchers have mostly focused on high-spin molecules.11
In this endeavor, lanthanide-based molecules offer promising opportunities be-
cause their partially filled 4f-shells possess several unpaired electrons per ion.12 The
high magnetic anisotropy of some lanthanides has motivated their use in SMMs,
SCMs and SIMs.7,13–16 In this regard, Tb3+(7F6), Dy
3+(6H15/2), and Ho
3+(5I8) have
shown to be the best candidates in the design of new molecular magnets.13–16
The mechanism of magnetic relaxation in molecular magnets is due to the pres-
ence of an easy axis of magnetization that splits the ground spin state in zero field
into two states with the same energy, M = ±S. Each one of these isoenergetic states
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Figure 1.1: Double well potential that depicts the barrier energy to invert the S
states
are the lowest spin state on each side of the double-well potential, as illustrated in
Figure 1.1. The principle is that in order to invert from M = +S to M = −S, molec-
ular magnets have to go through each of the other lower spin states and overcome
the barrier ∆E = |D|S2, in which D is zero field splitting that is a measure of the
anisotropy and S is the total spin of the molecular magnet. However, other mech-
anisms of relaxation, such as quantum tunneling, allow the moments of molecular
magnets to invert without the system having to pass through lower spin states.17
The design of SMMs and SCMs has been focused mostly in utilizing complexes
containing multiple ions with magnetic anisotropy with aims of enhancing the magne-
tization and their blocking temperature.11,16,18,19 The SIMs consisting of lanthanide
polyoxometalates, LnPOM,20 (Figure 1.2a) and lanthanide phthalocyaninato com-
plexes21 (Figure 1.2b) containing either Tb3+ or Dy3+, surprisingly, possess slow
2
(a) Structure of [ErW10O36]
9–, a LnPOM (b) Structure of bis(phthalocyaninato)terbium(III)
Figure 1.2: Single magnet ions (SMIs)
magnetic relaxation in a range close to the temperature of liquid nitrogen compared
with previous complexes which their blocking temperatures are in the range of liquid
helium.7,20,21
This study focuses on the synthesis of compounds comprising complexes of lan-
thanide ions and clusters of reduced lanthanides and their structures, in hopes of
finding magnetic properties.
1.1 Cyanido-Bridge Complexes
Due to the increasing demand of new and versatile materials in fields such elec-
tronics, catalysis and optics,22,23 multifunctional materials have received a renewed
attention. Multifunctional materials combine two or more features such as optical,
mechanical, electronic and magnetic properties and have an observable response when
3
Nd
O
Fe
C
N
Figure 1.3: Structure of Nd(DMF)4(H2O)3(µ−CN)Fe(CN)5 · H2O (DMF =
N,N-Dimethylformamide)
applying external stimuli.24,25 A strategy for obtaining multifunctional compounds is
the synthesis of coordination networks containing two or more physical properties.26
One synthetic approach is to combine lanthanide ions with metallocyanates to form
“f - d” arrays.27 Some cyano-bridged complexes have shown to exhibit photoinduced
magnetization.28 For example, in the complex Nd(DMF)4(H2O)3(µ−CN)Fe(CN)5 ·
H2O, represented in Figure 1.3, its magnetization can be induced by applying UV
light.29
One of the main goals in the synthesis of materials is to obtain bulk phases to
improve their viability for practical application, and often the bulk properties of
magnetic materials are correlated to the nature of their architecture in the solid
state.30 Hence, when utilizing lanthanides ions to design molecular materials, three
parameters can induce structural changes and tune their physical properties: the
lanthanide ion, the blocking ligand and the linker.31 There exists a wide variety of
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blocking ligands that can coordinate to the lanthanide ions, and the most commonly
utilized inorganic linkers are the metallocyanates.5,32,33 In addition, the geometry of
the metallocyanates plays a crucial role in the crystal configuration that encompasses
from discrete polynuclear clusters to metal organic networks.29,34
In this study, we have exploited the hardness of the lanthanide ions and the affin-
ity for hard ions of TDCI35 or 1,3,5-tris(dimethylamino)-1,3,5-trideoxy-cis-inositol
(Figure 1.4) to synthesize trinuclear lanthanide complexes as secondary building
units. In order to induce structural changes, different metallocyanates were em-
ployed because their cyano groups are capable of linking different metal ions and
because they exist in different geometries, such as octahedral, square planar, and
tetrahedral, the last being relatively unexplored.32
OH
NMe2
OH
HO
Me2N NMe2
Figure 1.4: Structure of TDCI
1.2 Solid-State Synthesis
Even though the lanthanide ions are appealing in the synthesis of molecular
magnets, compounds containing lanthanides in their 3+ oxidation state exhibit weak
interionic coupling and hence little tendency towards magnetic ordering, except at
low temperature. Highly contracted 4f-orbitals (Figure 1.5) lead to weak 4f - 4f
5
Figure 1.5: Radial distribution probability of hydrogenic wave function as a
function of the distance from the nucleus
coupling between contiguous ions; however, the potential for magnetic ordering is
greatly enhanced in reduced lanthanide clusters.
1.2.1 Exploratory Synthesis of Reduced-Rare-Earth Bromides
In the past 20 - 30 years, reduced-rare-earth halide chemistry has provided a large
number of heretofore novel compounds, particularly those built by condensation of
octahedral building blocks (Figure 1.8), R6X12Z.
12 The octahedral units are stabilized
by the presence of interstitial transition metals or main group elements.36 These
building units can be found as single clusters, between which they are connected
through halogen bridging atoms. Condensation of the octahedra leads to oligomers
or chains via sharing edges or vertices.37 We are interested in exploiting this tendency
of reduced lanthanide halides to form chains that may potentially behave as SCMs.
Currently, there is interest in SCMs that has ecplised SMMs because they may more
6
Figure 1.6: A view down the c-axis shows the relative structural isolation of the
Y4Br4Os chains
readily yield systems with strong anisotropy and their potential for applications may
be brighter than is the case for SMMs.10
In search of new reduced rare-earth-halides, the iodides have been more studied
than the chlorides or bromides.38 Nevertheless, the novel chain compounds, Y4Br4Os
and Er4Br4Os, are of particular interest.
39 The structures of these phases are char-
acterized by the presence of confacial square antiprismatic chains with osmium in
the center and with the bromine atoms capping the triangular faces of yttrium (Fig-
ure 1.6).40 Several studies have shown that the phases formed are sensitively de-
pendent on the size of the interstitial atom and the identity of rare earth atom
element;39 the discovery of this square-antiprismatic structural motif demonstrates
that the bromide phases do not replicate the iodide phases.
Although we have investigated the encapsulation of transition metals with the
7
(a) Portion of the chain Y4I5C (b) Portion of the chain La4Cl5C2
Figure 1.7: Chains of condensed octahedra sharing opposite edges
aims of obtaining single chain magnets, we shall see that SCMs have not been ob-
served. Instead, a phase with the composition of RE6Br10Co (RE = Y, Gd, Tb and
Er) and RE6Br10Ni (RE = Y and Tb) isostructural with the Y6I10Ru-type structure
predominates.41 When the interstitial atom is a transition metal, the predominant
phase has the composition RE7Br12Z (RE = Gd, Tb, Ho, Er or Y; Z = Mn or Fe).
42
Moreover, there have been previous attempts to obtain Gd4I5Z or Y4I5Z (Z = transi-
tion metals), but they have been negative giving other structures instead.43 However,
when the interstitial atom is a main group element such as carbon or silicon, chain
compounds analogous to Y4I5Z are obtained (Figure 1.7a).
44,45
Since the encapsulation of transition metals did not yield compounds having
chain structures in the work described herein, carbon was the only main group ele-
ment utilized as interstitial in the attempts to obtain compounds with the Ln4X5C2
composition (Figure 1.7b), which are chains of condensed octahedra sharing opposite
edges.46 However, the compounds obtained when using carbon as interstitial atom
adopt the form of Gd10Cl18(C2)2, which has edge-bridging bioctahedral clusters.
47
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Xi
Xa
M
Z
Figure 1.8: Octahedral building block M6X12Z in which M represents a reduced
metal; X is a halogen, and Z is the interstitial atom
1.2.2 Synthesis of Reduced Zirconium Clusters
The synthesis of reduced zirconium clusters has been an active area of research
and there now exists a wide variety of reduced zirconium compounds and crystal
architectures. Reduced zirconium compounds are composed of reduced Zr octahe-
dra stabilized by an interstitial atom and with halogens caping the edges (Xi) and
vertices (Xa), Figure 1.8, in which i refers to inner (edge bridging) and a, to ausser
(axial), according to the Scha¨fer and Schnering notation.48 The versatility of the
zirconium octahedron to encapsulate different elements has made its chemistry very
rich, and the reduced zirconium compounds can be represented by the generic for-
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mula AI,II[(Zr6Z)X
i
12X
a
n]. In this kind of compounds A
I,II is a cation of an alkali or an
alkali earth metal; X is Cl, Br, I, or mixed halides and Z, the interstitial heteroatom,
can be H, Be - N, Al - P, K, and Cr - Ni. The abundant crystal structures of re-
duced zirconium compounds is due to the versatility of the the halogenido ligands
to interconnect and bridge the zirconium octahedra. Also, structural changes can be
induced by varying the size of the alkali o alike earth cation, the interstitial atom
and the halogen.
1.2.3 Background for Magnetic Properties in Gadolinium-Halide Clus-
ters
When studying the interionic exchange in magnetic rare-earth halide compounds,
gadolinium-based compounds are the least complicated systems because Gd ions’ f7
configuration are without spin-orbit coupling effects or magnetic anisotropy49. The
gadolinium atom has a ground configuration of 4 f75d16s2. Intra-atomic exchange
between the 5d electron (2D) and the 4 f7 electrons (8S) results in a substantial
splitting between the 9D ground state and the 7D lowest-excited state, which respec-
tively come from the alignment of the 5d-electron spin with or against the f-electron
spins.50 In Figure 1.9, the effect of 4f-5d intraatomic exchange in a gadolinium atom
is illustrated. At the left of the picture, an unperturbed system is demonstrated in
which the 4f-spins exert an average exchange potential on the valence 5d-electron,
which does not have a preferred spin alignment. Once the f-d exchange is included,
the 5d electron has a preference to be aligned with the 4f-spins giving an intraatomic
ferromagnetic interaction.
In polynuclear gadolinium compounds, the mechanism for coupling the 4f mo-
ments is mediated by the intraatomic exchange energy between the diffuse 5d/6s
electron density with the 4f-orbital moments from the gadolinium centers,50,51 and
10
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Figure 1.9: Schematic representation of the intraatomic exchange in Gd
this exchange accounts for the observed magnetic properties. Therefore, understand-
ing the exchange mechanism provides the necessary tools for designing reduced-
gadolinium clusters and chains with tunable magnetic properties. Due to a high-spin
ground state and the absence of spin-orbit coupling, gadolinium has served as the base
for the design of heterometallic molecular magnets.8,52,53 However, gadolinium-based
complexes commonly exhibit the metal in the 3+ oxidation state, and the exchange
interaction through ligand overlap is rather weak leading to low critical temper-
atures.54 Conversely, when gadolinium-based compounds are reduced and possess
significant diffuse 5d/6s electron density delocalized on the gadolinium centers, the
intraatomic magnetic exchange is greatly enhanced.51
1.2.4 Electronic Structure in Rare-Earth-Halide Clusters
The stability of the lanthanide-halide clusters is achieved when they incorporate
an interstitial atom in their octahedral cage, for they contribute with electrons to an
electron-deficient octahedron.51,55 The interstitial atoms can be main group elements
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Figure 1.10: MO interaction diagram of a rare-earth-halide cluster encapsulating
a transition metal in which 18 cluster-based electrons applies for a closed-shell
cluster
or transition metals, and their electronic scheme differs in the involvement of the p-
orbitals. In transition metal, the p-orbitals are too high in energy to efficiently
mix with the t1u orbitals of the octahedron while for main group elements, the p-
orbitals mix strongly with the t1u set of the octahedron. Another difference is that
transition metals possess eg and t2g sets of d-orbitals that are respectively nonbonding
and bonding with respect to the surrounding rare-earth R6 cage. Both transition
metals and main group elements possess an a1g orbital that strongly bonds with the
orbitals of the same symmetry of the lanthanide octahedron. Therefore, for main
group elements only 14 electrons (a21gt
6
1ut
6
2g) are required to have a full shell while for
transition metals 18 electrons are needed (a21gt
6
2ge
4
gt
6
1u). In Figure 1.10, the bonding
scheme is represented for a rare-earth cage encapsulating a transition metal.
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2. SYNTHESES OF REACTANTS
2.1 Synthesis of Potassium Tetracyanonickelate, K2[Ni(CN)4]
The synthesis of K2[Ni(CN)4] was performed in two steps according to the liter-
ature.56 In the first step, the intermediate Ni(CN)2 was synthesized.
NiCl2 · 6 H2O + 2 KCN −−→ Ni(CN)2 + 2 KCl
A solution of NiCl2 was made by dissolving 500 mg (2.10 mmoles) of NiCl2 ·6 H2O
in 5 mL of water, and then a solution of KCN, which was prepared by dissolving 280
mg (4.30 mmoles) of KCN in 5 mL of water, was added dropwise and a blue pre-
cipitate was formed. The precipitate was filtered from the supernatant and washed
with water several times.
The second step consisted of forming the complex K2[Ni(CN)4].
Ni(CN)2 + 2 KCN −−→ K2[Ni(CN)4]
The solid obtained in the first step was placed in 5 mL of water, and it started
to dissolved once more KCN solution (prepared by dissolving 300 mg, 4.60 mmoles,
of KCN in 5 mL) was added slowly. The addition of the KCN solution was stopped
once the solid was completely dissolved. The resulting solution was heated to reduce
its volume to 1 mL and allowed to cool. Once it reached room temperature orange
square-like crystals were observed, 450 mg (1.89 mmoles).
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2.2 Synthesis of Potassium Tetracyanopalladate, K2[Pd(CN)4]
The synthesis of K2[Pd(CN)4] was performed in two steps according to the liter-
ature.57 In the first step, the intermediate Pd(CN)2 was synthesized.
PdCl2 + 2 KCN −−→ Pd(CN)2 + 2 KCl
PdCl2 is insoluble in water, but upon addition of some drops of HCl and heating,
500 mg (2.82 mmoles) of PdCl2 dissolved to give a red solution. A solution of KCN,
which was prepared by dissolving 0.37 g (5.68 mmoles) of KCN in 5 mL of water,
was added dropwise and a yellow precipitate was formed. The solution was filtered
and the precipitate was washed with water several times.
K2[Pd(CN)4] was formed in the second step:
Pd(CN)2 + 2 KCN −−→ K2[Pd(CN)4]
The solid obtained in the first step was placed in 5 mL of water, and the solid
dissolved by slow addition of a KCN solution, which was prepared by dissolving 400
mg (6.14 mmoles) of KCN in 5 mL. Addition of the KCN solution was stopped when
the solid was completely dissolved. The resulting solution was heated to reduce its
volume to 1 mL and allow to cool. At room temperature pale yellow needles were
observed and collected, 722 mg (2.5 mmoles).
2.3 Synthesis of Potassium Tetracyanoplatinate, K2[Pt(CN)4]
The synthesis of K2[Pt(CN)4] was performed in four steps. In the first step,
hexachloroplatinic acid, H2[PtCl6], was obtained by dissolving 230 mg (1.18 mmoles)
of Pt in 16 mL aqua regia; the Pt was completely dissolved once the solution reached
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its boiling point. In the second step, K2[PtCl6], potassium hexachloroplatinate, was
precipitated by addition of KCl, as described in the literature.57
H2[PtCl6] + 2 KCl −−→ K2[PtCl6] + 2 HCl
A solution of KCl was prepared by dissolving 500 mg (6.71 mmoles) of KCl in
5 mL of water and then added to the solution of H2[PtCl6] . The resulting solution
was stirred overnight and a bright yellow precipitate was formed. The precipitate
was filtered and washed with water several times, and the mass of the solid was 535
mg (1.10 mmoles).
The third step consisted of the synthesis of K2[PtCl4], potassium tetrachloro-
platinate, by reduction of K2[PtCl6], potassium hexachloroplatinate, utilizing an
adaptation of the synthesis reported in the literature.58
2 K2[PtCl6] + NH2−NH2 · 2 HCl −−→ 2 K2[PtCl4] + 6 HCl + N2
A solution of hydrazine was prepared by dissolving 50 mg (0.48 mmoles) of
hydrazine dihydrochloride in 5 mL of water. After the 535 mg (1.10 mmoles) of
K2[PtCl6], obtained in the previous step, was placed in 5 mL of water and heated in
a water bath to a temperature between 85 − 90 ◦C, the hydrazine solution is added
slowly over a period of three hours. The addition of the hydrazine solution was
stopped once the formation of Pt was observed.
In the last step, K2[Pt(CN)4] is synthesized following the reported procedure.
59
K2[PtCl4] + 4 KCN −−→ K2[Pt(CN)4] + 4 KCl
A solution of KCN was prepared by dissolving 500 mg (6.71 mmoles) of KCN in
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5 mLl of water. Then the solution of K2[PtCl4] was added drop wise to the KCN
solution. After the addition was completed, the resulting solution was heated to
reduce the volume by 80% and allowed to cool. Formation of pale green needles were
observed once the solution reached room temperature. The needles were isolated by
filtration and dried in air. After drying, the needles turned white and the mass of
the solid was 480 mg (0.98 mmoles).
2.4 Synthesis of Potassium Hexacyanochromate, K2[Cr(CN)6]
The synthesis of K2[Cr(CN)6] was performed in one step followed by recrystal-
lization.
CrCl3 · 6 H2O + 6 KCN −−→ K3[Cr(CN)6] + 3 KCl
A solution of CrCl3 was made by dissolving 500 mg (1.88 mmoles) of CrCl3 ·6 H2O
in 5 mL of water. A solution of KCN was prepared by dissolving 740 mg (11.36
mmoles) of KCN in 5 mL of water, was added dropwise to the CrCl3 solution until
the solution turned yellow. Ethanol was then added to precipitate KCl which was
filtered from the solution. The remaining solution was then heated to reduce its
volume by 80% and allowed to cool to room temperature, at which time yellow
needles from the product had precipitated. The product was recrystallized once
from water, 490 mg (1.5 mmoles).
2.5 Adam’s Catalyst, PtO2.
1
The first step in the synthesis of Adam’s catalyst1 is to dissolve Pt in aqua regia
to form a solution of hexachloroplatinic acid, H2[PtCl6]. Then to the H2[PtCl6]
solution, solid NH4Cl is added to precipitate the bright yellow solid ammonium
hexachloroplatinate, (NH4)2[PtCl6], which was isolated by filtration. After mixing
(NH4)2[PtCl6] with excessNaNO3 using a mortar, the solid mixture is placed in a
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fused silica tube with (1.5” diameter × 10” length). The tube is placed in a tube
furnace, heated to 100◦, and then heated slowly at a rate of 20◦/hr to 520◦. The
sample was maintained at 520◦for 30 min, and then the molten mixture was poured
directly into 500 mL of water in a 1 L flask. The tube was allowed to cool to ambient
temperature and then water was added to remove the remaining solid. The solution
was stirred for a 2 - 3 hours, and then a brown solid, PtO2, is recovered by filtration.
2.6 Synthesis of TDCI
The synthesis of 1,3,5-tris(dimethylamino)-1,3,5-trideoxy-cis-inositol (TDCI) was
achieved with a multistep synthesis described in this section following the method of
Hegetschweiler.60,61 All of the reactants employed for this synthetic procedure were
utilized as received except for the catalyst, PtO2, which synthesis is described above.
2.6.1 Diazotization of Sulfanilic Acid
The first step is to form the diazonium salt of sulfanilic acid (Figure 2.1). In a
500 mL flask, 6.4 g of Na2CO3 were dissolved in 270 mL of water, and then 21 g of
sulfanilic acid were added to the solution. Once the sulfanilic acid was completely
dissolved, the flask was placed in an ice bath and kept at temperature between
0 − 5 ◦C. In a separate 100 mL beaker, 8.9 g of NaNO2 were dissolved in 18 mL
of water, and it was also placed in an ice bath at temperature between 0 - 5◦. The
NaNO2 solution was slowly added to the sulfanilate solution while stirring. In a
separate 500 mL flask, 28 mL of HBr (9 M) were added to 150 g of ice, and then
the NaNO2/sulfanilate solution was slowly added to the HBr solution. Diazotized
sulfanilate salt started to precipitate before the rest of the NaNO2/sulfanilate solution
was complete.
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SO3H
NH2
NaNO2
HBr
SO3H
⊕
N2
Figure 2.1: Diazotization of sulfanilic acid
2.6.2 Azo Coupling
After the diazonium salt is obtained, the following step is to perform the coupling
reaction (Figure 2.2). In a 1 L flask, 50 g of NaCO3 were dissolved in 200 mL of
water, and 5 g of phloroglucinol were added. The resulting solution was placed in an
ice bath at temperature between 0 − 5 ◦C. After cooling the solution, the addition
of the aqueous diazonium salt solution was added while stirring and keeping the
temperature between 0 − 5 ◦C. After the addition of the diazonium salt solution
was completed, the reaction proceeded at the same temperature for 2 hours, and
then the reaction flask was allowed to warm to room temperature. Then 60 mL of
concentrated HBr and 150 g of NaBr were added. Then the solution was left to
cool to room temperature and then placed in an ice bath. The bright red solid was
isolated by filtration and recrystallized 4 times from H2O/acetone and 22.8 g of the
product were recovered. The purity of the product was confirmed by 1H-NMR in
d6-DMSO (Figure A.1).
2.6.3 Catalytic Hydrogenation
The catalytic hydrogenation was carried out in a Parr reaction with a glass in-
set and with a Teflon stir bar. In the glass inset, 80 ml of 0.4 M of H2SO4 and
Adam’s catalyst (1.1g) were placed. The catalyst was reduced to black platinum, a
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trisodium tris[(p-sulfonatophenyl)azo]phloroglucinol
Figure 2.2: Coupling reaction
pyrophoric solid, by hydrogenation at 50 bar, for 1hr, at room temperature, with
stirring at 1150 RPM. Once the catalyst was reduced, 8 g of trisodium tris[(p-
sulfonatophenyl)azo]phloroglucinol were added and hydrogenation was continued for
approximately 13 hours. Using a fine porosity glass frit, the catalyst was separated
from the clear solution, and then the volume of the solution was reduced to half of its
initial volume. When 100 ml of methanol was added, a white solid precipitated out,
3.2 g of crude TACI · 1.5 H2SO4, and it was was recovered by filtration. The identity
of the product was confirmed by 1H-NMR and 13C-NMR in D2O (Figure A.2 and
Figure A.3, respectively).
2.6.4 Isolation of (H+3TACI)2(SO4)3
The white solid obtained after the catalytic hydrogenation was dissolved in 32
mL of water, and then the pH was adjusted to 11 by addition of aqueous NH3.
Separately, NiSO4 · 6 H2O (1.07g) was dissolved in 16 mL of water, and this solution
was added to the TACI solution. The solution turned pink and a pink precipitate
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Figure 2.3: [Ni(TACI)2]SO4]
slowly formed (Figure 2.3) and it was stored overnight at 5 ◦C. The pink precipitate
was isolated by filtration and dissolved in hot water, and then concentrated H2SO4
was carefully added to the hot solution until it changed from pink to light green.
Methanol was added to the warm solution and a light green precipitate was formed,
indicating the presence of nickel salts, and then isolated by filtration. The light green
solid was placed in 20 mL of water but did not dissolve completely when heated;
however, upon addition of concentrated H2SO4, the solution turned clear. To the
hot solution, methanol is added and a white solid precipitated. The white precipitate
was recrystallized two more times following the same procedure and 1.5 g of pure
TACI · 1.5 H2SO4 were obtained, and the identity of the product was confirmed by
1H-NMR and 13C-NMR in D2O (Figure A.4 and A.5, respectively).
2.6.5 Reductive Methylation
Adam’s catalyst (0.3 g) is placed in 25 mL of water and reduced using hydrogen
gas (10 bar, 1 hour) in a Parr reactor. Then aqueous formaldehyde (5 g) and 2
g of (H+3TACI)2(SO4)3 are added to the mixture, and the reductive methylation
is carried out for 48 hours at 10 bar. Using a fine porosity glass frit, the catalyst
was separated from the clear solution, and then the solvent was removed by rotary
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Figure 2.4: Reductive methylation of TACI
evaporation. The crude (H+3TDCI)2(SO4)3 (1.2g) was then dissolved in water and
run through an ionic exchange column.
2.6.6 Preparation of TDCI
The crude (H+3TDCI)2(SO4)3 (1.89 g) was dissolved in 180 mL of water and run
through the an anionic exchange column (Dowex Marathon A, OH- form). The solu-
tion containing the free base was then evaporated using rotary evaporation, and the
resulting white solid was dissolved in boiling hexanes. After three recrystallizations
from boiling hexanes, pure TDCI (1.18 g) was obtained, and the formation of the
product was confirmed by 1H-NMR in CDCl3 and
13C-NMR in D2O (Figure A.8 and
Figure A.9, respectively). The overall yield of the reaction is 11.3%.
2.7 Synthesis of [RE(H2O)9](OTf)3, with RE = Gd - Er, Y
The rare-earth triflates were synthesized by dissolving the oxides in aqueous triflic
acid.
RE2O3 + 6 HOTf + 18 H2O −−→ 2 [RE(H2O)9](OTf)3 + 3 H2O
A diluted solution of triflic acid and water 1:1 (v/v) is prepared, and then excess
RE2O3 is added to the solution. The solution is heated at 100
◦C under reflux for
4 hours. The excess oxide is filtered out and the solution is dried using rotary
evaporation.
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2.8 Synthesis of [RE3(TDCI)2(H2O)6](F3CSO3)3 with RE = Gd - Er, Y
The rare-earth trinuclear complexes supported by TDCI were synthesized accord-
ing to the following reaction.
3 RE(F3CSO3)3 + 2 TDCI −−→ [RE3(TDCI)2(H2O)6](F3CSO3)3
Solutions of RE(F3CSO3)3 were prepared by dissolving 0.41 mmoles of the triflate
salts in sufficient water in a test tube. Similarly, 0.27 mmoles of the ligand, TDCI,
were dissolved in enough water in another test tube. Then, the solutions of the ligand
were slowly added to the triflate solutions. In each case, the solvent was evaporated
by heating the test tube in an oil bath, with constant stirring and under a stream
of nitrogen. Once crystals precipitated and did not redissolve, the test tubes were
removed from the oil bath. The remanent water was decanted, and the crystals were
collected and air dried.
2.9 Synthesis of Anhydrous Rare-Earth Bromides
The synthesis of REBr3 was obtained in two steps according to the literature.
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The first step consists of obtaining an ammonium complex (NH4)3[REBr6] from their
oxides, RE2O3, with RE = Y, Gd - Er.
RE2O3 + 6 HBr + 6 NH4Br −−→ 2 (NH4)3[REBr6] + H2O
The routine synthesis of the complex started by dissolving 5 g of RE2O3 and 10%
excess of NH4Br in 40 ml of concentrated HBr. An excess of NH4Br is needed to
avoid the formation of REOBr. The solution became clear once the solution reached
its boiling point, and then the solution was heated to dryness.
The second step consists of the decomposition of the complex, (NH4)3[REBr6],
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to give the anhydrous REBr3.
(NH4)3[REBr6]
∆−−→ REBr3 + 3NH4Br
The solid obtained in the first step is placed in a sublimation tube, then warmed
under dynamic vacuum in a furnace at a rate of 20◦C/hr to 380◦C and maintained at
that temperature for one day. The REBr3 was purified by sublimation at least two
times. The subilimation was carried out using a Ta tube inside a fused silica tube
that was slowly heated under dynamic vacuum in a furnace at a rate of 20◦C/hr to
810◦C and then mantained at that temperature for two days.
2.10 Synthesis of Anhydrous Zirconium Tetraiodide
The synthesis of ZrI4 was obtained from the elements according to the literature.
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Zr + 2 I2 −−→ ZrI4
Strips of zirconium were cut and placed inside a pyrex tube, and then iodine is
added to the tube. The tube is then connected to a vacuum line while being cooled
down using dry ice and acetone, and then sealed under vacuum. The tube is then
placed partially inside a tube furnace, leaving a portion of the tube outside, and then
heated to a 100◦C for 2 hrs. Once the iodine has sublimed in the cooler part of the
glass tube outside the furnace, the furnace temperature is increased to 450◦C. As the
reactions proceeds, the tube is moved further into the furnace over a period of of 24
hrs until it is completely inside. The iodine reservoir is carefully monitored to ensure
nearly complete reaction before moving the tube into the furnace. Once the tube
has been completely pushed inside the furnace, the heating continues for another 24
hrs. The resulting brown/orange solid is purified by sublimation. The purification
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was carried out using a Ta tube inside a fused silica tube under dynamic vacuum
and slowly heated in a furnace at a rate of 20◦C/hr to 350◦C and maintained at that
temperature for one day.
2.11 Synthesis of Anhydrous Manganese Iodide
The synthesis of MnI2 was obtained following the same procedure as the synthesis
of ZrI4.
Mn + I2 −−→ MnI2
Manganese powder was placed inside a pyrex tube, and then iodine is added to
the tube. The tube is then connected to a vacuum line while being cooled down
using dry ice and acetone, and then sealed under vacuum. The tube is then placed
partially inside a tube furnace, leaving a portion of the tube outside, and then heated
to a 100◦C for 2 hrs. Once the iodine has sublimed in the cooler part of the glass tube
outside the furnace, the furnace temperature is increased to 550◦C. As the reactions
proceeds, the tube is moved further into the furnace over a period of of 24 hrs until
it is completely inside. The iodine reservoir is carefully monitored to ensure nearly
complete reaction before moving the tube into the furnace. Once the tube has been
completely pushed inside the furnace, the heating continues for another 24 hrs. The
pink solid is purified by sublimation. The purification was carried out using a Ta
tube inside a fused silica tube under dynamic vacuum and slowly heated in a furnace
at a rate of 20◦C/hr to 400◦C and maintained at that temperature for one day.
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3. SYNTHESIS OF NEW COORDINATION NETWORKS CONTAINING
TRINUCLEAR LANTHANIDE COMPLEXES AND
HEXACYANOMETALLATES
3.1 Introduction
In the search of new compounds with tunable magnetic properties, three differ-
ent families of compounds were found when utilizing hexacyanometallates as linkers
and trinuclear lanthanide complexes supported by TDCI (1,3,5-tris(dimethylamino)-
1,3,5-trideoxy-cis-inositol), [Ln3(TDCI)2(H2O)6]
3+, as building block. In this build-
ing block, the lanthanide ions are located at the vertices of a triangle, and TDCI
acts as the blocking ligand capping the three lanthanide ions above an below the
plane that contains the lanthanide ions. The alkoxide groups of the TDCI ligand
bridge two lanthanide ions and coordination by the amino groups to the lanthanide
ions constrains the available coordination sites for the linkers to coordinate. The two
available coordination sites per lanthanide ion are occupied by water molecules as
seen in Figure 3.1, and these water molecules are subject to be displaced by other
ligands.
In this chapter, we discuss experimentation in which metallocyanates have been
employed as linkers; cyanido groups of the linker molecules are shown to be capa-
ble of displacing coordinated water resulting in new coordination networks. With
the aim of obtaining extended networks, the potassium salt of three different linkers
were employed: [Cr(CN)6]
3–, [Fe(CN)6]
3– and [Co(CN)6]
3–. Even though the molec-
ular shape of the linkers is octahedral and have the same charge, we will see that
substantial structural differences were observed as the identity of the hexacyanomet-
allate was varied. For instance, with the linker [Cr(CN)6]
3–, chains composed of
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Figure 3.1: [Ln3(TDCI)2(H2O)6]
3+
alternating units of trinuclear lanthanide complex and linker are obtained; with the
linker [Fe(CN)6]
3–, a two dimensional sheet was observed. Even though the linker
[Co(CN)6]
3– also gives chain-based compounds similar to those obtained with the
linker [Cr(CN)6]
3–, the compounds are still distinctly different.
3.2 Experimental
3.2.1 Synthesis of [Ln3(TDCI)2(H2O)6-x(µ−CN)xM(CN)6-x]
The compounds were synthesized by slow diffusion of solutions containing sto-
ichiometric amounts of the reactants. K3[M(CN)6] salt (M = Cr, Fe and Co),
0.0092 mmoles, were dissolved in 1 mL of water in a vial and then 1 mL of ace-
tonitrile was added. A 4-mL solution of water:acetonitrile:ethanol in a volume ratio
of 1:1:2 was carefully placed on top of the solution containing the hexacyanomet-
allate. Lastly, a 2-mL of an ethanolic solution containing the trinuclear lanthanide
complex, [Ln3(TDCI)2(H2O)6](F3CSO3)3, with Ln = Gd, Tb, Dy, Ho, Er and Y, was
layered (Figure 3.2). After two weeks crystals suitable for X-Ray diffraction were
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Linker
2 mL water:acetonitrile
(1:1)
4 mL
ethanol:water:acetonitrile
(2:1:1)
trinuclear lanthanide complex
2 mL ethanol
Figure 3.2: Schematic representation of a vial
obtained.
3.2.2 X-Ray Data Collection
Single crystal X-Ray data was collected with a Bruker-AXS APEXII equipped
with Three-Circle D5000 Goniometer and CCD/Phosphor MoKα X-ray radiation
(λ = 0.71073A˚). Single crystals of each of the compounds were mounted on nylon
loops utilizing and placed under N2 stream at 150 K for data collection. Indexing
and data integration were carried out using APEX2 Software Suite of programs.64
The program SADABS was utilized for absorption corrections.65 For structure elu-
cidation, OLEX2 version 1.2.5 software66 was used as the interface to SHELXS to
solve the structures with Direct Methods and to SHELXL to refine the structures
with the Least-Squares method.67
3.2.2.1 X-Ray Diffraction Studies of [Ln3(TDCI)2(H2O)4Cr(µ−CN)2(CN)4] · nH2O
For [Gd3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4], a pale yellow needle crystal with di-
mension 0.034 x 0.103 x 0.989 mm was placed on the diffractometer and 25344
reflections were collected. For [Tb3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4], a pale yellow
crystal with dimension 0.026 x 0.045 x 0.64 mm was placed on the diffractometer and
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Table 3.1: [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4] · nH2O: Lattice parameters and
volumes
Ln Gd Tb Dy
a (A˚) 14.419(6) 14.280(5) 14.335(13)
b (A˚) 13.366(6) 13.311(4) 13.289(13)
c (A˚) 13.772(6) 13.873(5) 13.888(13)
V (A˚3) 2654.2(19) 2637.0(15) 2646(4)
Table 3.2: [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4] · nH2O: Data collection and
refinements
Ln Gd Tb Dy
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group Pmmn Pmmn Pmmn
Z 23 23 23
Abs. coefficient (mm−1) 16.416 17.007 18.294
No. Reflection
Collected 25478 28983 140248
Independent 2538 3004 6360
R indexes [I> 2σ(I)] Ra1 = 0.0346 R
a
1 = 0.0364 R
a
1 = 0.0355
wRb2 = 0.0963 wR
c
2 = 0.1033 wR
d
2 = 0.0904
R indexes (all data) Ra1 = 0.0372 R
a
1 = 0.0382 R
a
1 = 0.0511
wRb2 = 0.0993 wR
c
2 = 0.1060 wR
d
2 = 0.1020
Ra1 =
∑ ||Fo|−|Fc||/∑ |Fo|; wRb,c,d2 = (∑([w(F 2o −F 2c )2]/∑[(F 2o )2])1/2, in whichwb = 1/[σ2(F 2o )+
(0.0614P )2 + (13.0727P )]; wc = 1/[σ2(F 2o ) + (0.0660P )
2 + (15.137P )] and wd = 1/[σ2(F 2o ) +
(0.0500P )2 + (6.8276P )], P = (F 2o + 2F
2
c )/3
28983 reflections were collected. Also, for [Dy3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4] a
pale yellow needle crystal with dimension 0.028 x 0.054 x 0.712 mm was placed on
the diffractometer and 140506 reflections were collected. The lattice parameters are
summarized in Table 3.1 and the crystallographic data collection and refinement
parameters are given in Table 3.2.
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3.2.2.2 X-Ray Diffraction Studies of [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3] · nH2O
For [Gd3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3], an orange trapezoidal crystal with
dimension 0.049 x 0.057 x 0.118 mm was placed on the diffractometer and 36070
reflections were collected. For [Tb3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3], also an orange
trapezoidal crystal with dimension 0.042 x 0.082 x 0.127 mm was placed on the
diffractometer and 37409 reflections were collected. For the analogous compound
[Dy3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3], also an orange crystal with dimension 0.048
x 0.073 x 0.121 mm was placed on the diffractometer and 39086 reflections were
collected. For [Ho3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3], an orange trapezoidal crystal
with dimension 0.056 x 0.067 x 0.132 mm was placed on the diffractometer and 29262
reflections were collected. Lastly, for [Er3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3], also an
orange trapezoidal crystal with dimension 0.045 x 0.057 x 0.110 mm was placed on
the diffractometer and 39627 reflections were collected. The lattice parameters are
summarized in Table 3.3 and the crystallographic data collection and refinement
parameters are given in Table 3.4.
Table 3.3: [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3] · nH2O: Lattice parameters and
volumes
Ln Gd Tb Dy Ho Er
a (A˚) 16.401(4) 16.359(3) 16.325(2) 16.276(3) 16.239(4)
b (A˚) 18.919(4) 18.917(3) 18.887(3) 18.779(3) 18.833(4)
c (A˚) 14.122(3) 14.106(2) 14.075(2) 14.043(3) 14.043(3)
V (A˚3) 4381.9(16) 4365.1(13) 4339.6(11) 4292.2(13) 4294.8(17)
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Table 3.5: [Ln3(TDCI)2(H2O)4(µ−CN)2Co(CN)4] · nH2O: Lattice parameters and
volumes
Ln Ho Er Y
a (A˚) 24.606(5) 24.591(9) 24.568(14)
b (A˚) 12.873(2) 12.863(5) 12.893(7)
c (A˚) 16.083(3) 16.091(6) 16.127(9)
V (A˚3) 5094.3(16) 5090(3) 5109(5)
3.2.2.3 X-Ray Diffraction Studies of [Ln3(TDCI)2(H2O)4Co(µ−CN)2(CN)4] ·nH2O
For [Ho3(TDCI)2(H2O)4(µ−CN)2Co(CN)4], a lightly pink flat needle crystal with
dimension 0.032 x 0.041 x 0.521 mm was placed on the diffractometer and 44784
reflections were collected. For [Er3(TDCI)2(H2O)4(µ−CN)2Co(CN)4], a flat needle
crystal with dimension 0.027 x 0.038 x 0.461 mm was placed on the diffractometer
and 47990 reflections were collected, and for [Y3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4],
a colorless flat needle crystal with dimension 0.024 x 0.032 x 0.312 mm was placed
on the diffractometer and 58398 reflections were collected. The lattice parameters
are summarized in Table 3.5 and the crystallographic data collection and refinement
parameters are given in Table 3.6.
3.3 Results and Discussion
3.3.1 Synthesis
The initial conditions for the synthesis of the hexacyanometallates were using
the solvents water and ethanol in a ratio 1:1. The linker was dissolved in water
and the trinuclear lanthanide complex in ethanol; however, the crystals obtained did
not possess the quality necessary to obtain good crystal refinements. By reducing
the amount of water to half of the original and adding acetonitrile, as described in
the experimental section, the crystals obtained gave good crystal refinements. The
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Table 3.6: [Ln3(TDCI)2(H2O)4(µ−CN)2Co(CN)4] · nH2O: Data collection and
refinements
Ln Ho Er Y
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group Pnma Pnma Pnma
Z 44 44 44
Abs. coefficient (mm−1) 20.361 21.417 16.545
Extinction coefficient
No. Reflection
Collected 44784 47990 58398
Independent 4098 4568 5863
R indexes [I> 2σ(I)] Ra1 = 0.0264 R
a
1 = 0.0359 R
a
1 = 0.0354
wRb2 = 0.0789 wR
c
2 = 0.0894 wR
d
2 = 0.0972
R indexes (all data) Ra1 = 0.0333 R
a
1 = 0.0502 R
a
1 = 0.0461
wRb2 = 0.0840 wR
c
2 = 0.0978 wR
d
2 = 0.1038
Ra1 =
∑ ||Fo|−|Fc||/∑ |Fo|; wRb,c,d2 = (∑([w(F 2o −F 2c )2]/∑[(F 2o )2])1/2, in whichwb = 1/[σ2(F 2o )+
(0.0614P )2 + (13.0727P )]; wc = 1/[σ2(F 2o ) + (0.0620P )
2 + (21.19208P )] and wd = 1/[σ2(F 2o ) +
(0.058P )2 + (9.316P )], P = (F 2o + 2F
2
c )/3
three hexacyanometallates, K3[M(CN)6] (M = Cr, Fe and Co) were combined with
the trinuclear lanthanide complexes [Ln3(TDCI)2(H2O)6](F3CSO3)3, (Ln = Gd, Tb,
Dy, Ho, Er and Y), but not all of them produced crystals. When using the linker
[Cr(CN)6]
3–, crystals suitable for single crystal X-Ray diffraction were obtained only
when the trinuclear lanthanide complexes had Gd, Tb or Dy. However, when the
trinuclear lanthanide complexes had Ho, Er or Y, crystals were not observed, but a
layer resembling small portion of a cotton ball was formed. The linker [Co(CN)6]
3–, in
contrast, gave good crystals only with the trinuclear lanthanide complexes containing
Ho, Er and Y, but it did not form crystals with trinuclear lanthanide complexes
having Gd, Tb or Dy, instead a fuzzy layer was formed. [Fe(CN)6]
3– was the most
versatile linker, as good crystals were obtained with trinuclear lanthanide complex
containing Gd, Tb, Dy, Ho and Er. When the trinuclear lanthanide complex had Y,
however, a fuzzy layer was obtained instead.
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The reaction of [Cr(CN)6]
3– with the trinuclear lanthanide complexes having Gd,
Tb and Dy ions produced a family of three isostructural compounds that crystallized
as pale yellow needles, [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4]. The combination of
[Fe(CN)6]
3– and the trinuclear lanthanide complexes containing the ions Gd- Ho pro-
duced another family of five isostructural compounds that crystallized as flat orange
trapezoids, [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3]. Lastly, the linker [Co(CN)6]3– in
combination with the trinuclear lanthanide complexex having the ions Ho, Er and Y
resulted in another family of three isostructural compounds that crystallized as very
pale yellow needles, [Ln3(TDCI)2(H2O)4(µ−CN)2Co(CN)4].
All of the crystals were stable in the solvent for about two weeks, and after that
period, the crystals slowly started to degrade to a fine powder. The crystals also
decomposed when they were removed from the solvent; the compounds having the
liker [Fe(CN)6]
3– decomposed faster than those containing the linker [Cr(CN)6]
3–.
The slow degradation of the crystals in the solvent is caused by the water molecules
replacing the cyanido ligands from the linkers because of the oxophilicity of the
lanthanide ions.
3.3.2 X-Ray Structure Studies
3.3.2.1 Structure of [Ln3(TDCI)2(H2O)4Cr(µ−CN)2(CN)4]n · nH2O
This compound can be referred to as a copolymer in which the linker and trin-
uclear lanthanide complex are the alternating monomers, for it features alternating
units of [Cr(CN)6]
3– and the trinuclear lanthanide complex [Ln3(TDCI)2(H2O)4]
3+
(Ln = Gd, Tb and Dy) as building blocks (Figure 3.3). Since the three compounds
synthesized are isostructural, only the Tb compound will be discussed. The Tb3+
ions in the trinuclear lanthanide complex are located at the vertices of a triangle,
and the ligand TDCI caps the Tb3+ ions above and below the Tb3 plane as shown
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Figure 3.3: A portion of the [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4] chain showing
the hydrogen bonding, which is represented as dashed lines
in Figure 3.4b. The Tb(1)3+ ion is coordinated by four oxygen atoms from four
µ-alkoxo groups and by two amino groups of the ligand, by one water and by a
cyanido group of the linker. The µ2−O(2 )−Tb(1 ) distance is 2.290(3) A˚, which is
close to the distances of the Gd and Dy analogous compounds, 2.285(3) and 2.281(2)
A˚, respectively. For µ2−O(3 )−Tb(1 ), the distance is 2.340(3) A˚ while for Gd and
Dy, respectively, are 2.334(3) to 2.336(3) A˚, close to being constant across the three
lanthanide compounds. The Tb(1 )−N(4 ) (amine) distance is 2.636(4) A˚, and it
can be consider the same for the Gd and Dy compounds, 2.633(4) and 2.634(4) A˚,
respectively. The bond distance of Tb(1 )−O(1 ), water coordinated to the Tb(1 )3+,
is 2.445(5) A˚, and this distance is very similar to those in the Gd and Dy complexes.
The Tb(1 )−N(1 ) (CN group) distance is 2.481(6) A˚, which is slightly shorter than
the one previously reported,68 but moderately larger than those for Gd and Dy,
2.467(6) and 2.465(5) A˚, respectively.
The coordination around Tb(2)3+ ion is similar to that of Tb(1)3+ ion except
that Tb(2)3+ ion has two water molecules coordinated instead of a cyanido group, as
shown in Figure 3.4. For µ2−O(3 )−Tb(2 ), the distance is 2.325(3) A˚ being much
closer in value to the Gd analogous compound, 2.323(3) A˚, than to the Dy-based
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Table 3.7: [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4] · nH2O: Selected distances (A˚)
Ln Gd Tb Dy
Ln(1) - Ln(1) 3.6307(16) 3.6422(13) 3.627(4)
Ln(1) - Ln(2) 3.7010(13) 3.7024(11) 3.692(3)
Ln(1) - O(1) 2.414(5) 2.445(5) 2.425(4)
Ln(1) - O(2) 2.285(3) 2.290(3) 2.281(2)
Ln(1) - O(3) 2.334(3) 2.340(3) 2.336(3)
Ln(1) - N(1) 2.467(6) 2.481(6) 2.465(5)
Ln(1) - N(4) 2.633(4) 2.636(4) 2.634(4)
Ln(2) - O(3) 2.323(3) 2.325(3) 2.316(3)
Ln(2) - O(4) 2.398(6) 2.419(7) 2.404(5)
Ln(2) - N(5) 2.645(7) 2.647(8) 2.657(6)
C(1) - N(1) 1.165(10) 1.152(10) 1.160(7)
C(2) - N(2) 1.138(12) 1.150(11) 1.152(8)
C(3) - N(3) 1.151(11) 1.152(11) 1.164(8)
Cr(1) - C(1) 2.065(8) 2.068(8) 2.067(5)
Cr(1) - C(2) 2.078(10) 2.077(9) 2.076(6)
Cr(1) - C(3) 2.086(9) 2.076(9) 2.067(6)
compound, 2.316(3) A˚. The Tb(2 )−O(4 ) distance is 2.419(7) A˚, which is similar to
those found in the Gd and Dy compounds. The slightly longer distances observed
around the Tb(2 )3+ ion can be interpreted from this ion having two coordinated
water molecules while Tb(1 )3+ ion has one water and a cyanido ligand coordinated.
Since the cyanido ligand is not as good electron donor as water, the alkoxo and amino
groups from TDCI and the coordinated water molecule around Tb(1 )3+ move closer
to donate more electrondensity causing the alkoxo and amino groups from TDCI
around Tb(2 )3+ move further causing an elongation of the bond distances.
The Cr3+ ion is coordinated by six cyanide groups forming a regular octahedron.
The Cr−C distances range from 2.068(8) to 2.077(9) A˚, which are consistent with
distances previously reported.68 [Cr(CN)6]
3– connects two [Tb3(TDCI)2(H2O)4]
3+
building blocks through two cis equatorial cyanido groups, with 6 Tb(1)N(1)C(1)
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(a) View through the b-axis without the ligand TDCI
(b) Side view of the complex and linker with coordinated water molecules
omitted for clarity
Figure 3.4: [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4] · nH2O
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= 147.1(6)◦; the Tb3+ ions of the trinuclear lanthanide complexes involved in the
linkage, Tb(1) - Tb(1), can be seen as the base of the triangles. Each [Cr(CN)6]
3– unit
bridges two trinuclear lanthanide complexes through the bases of the triangle formed
by the Tb3+ ions forming a 1-D chain of alternating units of linker and trinuclear
lanthanide complex that grows along the b axis. The observed preference of the linker
to bridge two trinuclear lanthanide complex through two cis −CN groups is because
of the ‘moderate’ strength69 of the hydrogen bonding formed between the water
coordinated to the Tb3+ ion and the nitrogen from the cyanido group, O(1 ) · · ·N(3 ),
as seen in Figure 3.4a, with a distance of 2.865(9) A˚.
The trinuclear lanthanide complexes in the chains have water molecules hydro-
gen bonded to the water molecules coordinated to the lanthanides ions as seen in
Figure 3.3. The trinuclear lanthanide complexes in each of the chains within the
same layer have the same orientation. However, The orientation of the trinuclear
lanthanide complexes is inverted in the following layer, and the chains are located
beneath the empty spaces among the chains in the plane above as shown in Fig-
ure 3.5. The stacking of the chains in this compound can be seen in Figure 3.6, and
this stacking gives room to accommodated the bulky TDCI ligand.
3.3.2.2 Structure of [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3]n · nH2O
Although the linker [Fe(CN)]3– is also octahedral and has the same charge as
[Cr(CN)]3– linker, the structures obtained with [Fe(CN)]3–] as linker are different,
featuring 2D-sheets, as shown in Figure 3.7. Also, [Fe(CN)]3– is a more versatile
linker; well-defined crystals were formed with the trinuclear lanthanide complexes
containing Gd, Tb, Dy, Ho and Er. Since all of the compounds synthesized are
isostructural, only the Gd compound will be discussed. The Gd3+ ions in the trin-
uclear lanthanide complex are located at the vertices of a triangle, and the ligand
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Figure 3.5: Two layers of [Ln3(TDCI)2(H2O)4Cr(µ−CN)2(CN)4]. The complexes
in blue represent the layer on top and the purple complexes are the layer below
Figure 3.6: View through the b-axis of [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4]
38
Figure 3.7: 2D-network of [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3]: View through
the b-axis
TDCI caps the Gd3+ ions above and below the Gd3 plane, as shown in Figure 3.8b.
The three Gd3+ ions have the same ligated atoms in their coordination environ-
ment; they are coordinated by four oxygens from four µ-alkoxo groups and by two
amino groups of the ligand, by one water and by a cyanido group of the linker. The
µ2−O−Gd distances range from 2.309(6) to 2.355(6)A˚, which are virtually constant
when compared to those of the compounds containing the linker [Cr(CN)]3–. The
µ2−O−Ln distances decrease on moving from Gd→Er due to the lanthanide con-
traction. The Gd−N(amine) distances, range from 2.639(8) to 2.679(8) A˚, and these
distances moderately decrease in the congeneric compounds on going Gd→Er. The
Gd−O (water) bond distances, range from 2.439(9) to 2.465(9) A˚, and there is again
the expected decrease in the Ln−O distances for the other compounds as Gd→Er.
The distances Gd−N (CN group) ranges from 2.486(11) to 2.522(11) A˚, which are
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very close to distances previously reported,30 and the shortening of the Ln−NC bond
distances is also observed for the other analogous compounds in the series Gd→Er.
The Fe3+ ion is coordinated by six cyanide groups forming a regular octahe-
dron. The Fe−C distances range from 1.905(17) to 1.954(14) A˚, and the C≡N
distances range from 1.131(16) to 1.188(16) A˚, which are consistent with distances
previously reported.30 The linker [Fe(CN)6]
3– bridges three [Gd3(TDCI)2(H2O)3]
3+
units through three cis equatorial cyanido groups, with the angle Gd−N≡C angles
ranging from 142.4(8) to 150.2(9)◦.
Each [Fe(CN)6]
3– unit is linked directly to three trinuclear lanthanide complexes,
and vice versa, forming a “brick-like-wall” 2-D network in the a-c plane. The smaller
linker [Fe(CN)6]
3– bring the trinuclear lanthanide complexes closer, so the linker is
capable of bonding to one more complex when compared with the [Cr(CN)6]
3– linker.
The −CN groups from [Fe(CN)6]3– form hydrogen bonds with the coordinated waters
of the Gd3+ ions as seen in Figure 3.8a, and this hydrogen bonding helps to stabilize
the 2D-network formed. The N to O distances in the N · · ·H−O hydrogen bond range
from 2.741(18) to 3.087(13) A˚, which fall in the range of a ‘moderate’ strength.69
Hydrogen bonding for each of the compounds are summarized in Table 3.9.
3.3.2.3 Structure of [Ln3(TDCI)2(H2O)4Co(µ−CN)2(CN)4]n · nH2O
The compounds formed using [Co(CN)6]
3– and [Ln3(TDCI)2(H2O)4]
3+ (Ln = Ho,
Er and Y) feature chains of alternating units of the linker and trinuclear lanthanide
complexes. These compounds are very similar to those obtained with the linker
[Cr(CN)6]
3–. However, one of the differences between these two families of compounds
is that the equatorial cyanido groups of the [Cr(CN)6]
3– linker are coplanar to the
Ln3 plane while the linker [Co(CN)6]
3– shows a torsion angle from the Ln3 plane as
seen in Figure 3.10. The dihedral angle observed between the lanthanide plane and
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(a) View through the b-axis without the ligand TDCI
(b) Side view of the complex and linker with coordinated water
molecules omitted for clarity
Figure 3.8: [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3]
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Table 3.8: [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3] · nH2O: Selected distances (A˚)
Ln Gd Tb Dy Ho Er
Ln(1) - Ln(2) 3.7043(11) 3.6926(9) 3.6611(7) 3.6537(9) 3.6267(10)
Ln(1) - Ln(3) 3.7145(11) 3.6889(9) 3.6684(7) 3.6480(9) 3.6223(10)
Ln(2) - Ln(3) 3.7421(10) 3.7179(9) 3.6972(6) 3.6796(8) 3.6601(9)
Ln(1) - O(1) 2.444(9) 2.430(8) 2.400(6) 2.387(7) 2.380(9)
Ln(2) - O(2) 2.439(9) 2.428(8) 2.404(6) 2.383(7) 2.379(8)
Ln(3) - O(3) 2.465(9) 2.441(8) 2.434(5) 2.411(7) 2.411(8)
Ln(1) - N(1) 2.486(11) 2.475(10) 2.462(7) 2.438(10) 2.438(9)
Ln(2) - N(2) 2.522(11) 2.511(10) 2.498(7) 2.469(10) 2.460(9)
Ln(3) - N(3) 2.496(10) 2.478(9) 2.475(7) 2.444(9) 2.447(10)
Ln(1) - O(4) 2.336(6) 2.315(5) 2.304(4) 2.291(5) 2.287(5)
Ln(1) - O(5) 2.333(6) 2.330(5) 2.310(4) 2.304(5) 2.297(5)
Ln(2) - O(5) 2.309(6) 2.312(6) 2.305(4) 2.294(5) 2.272(5)
Ln(2) - O(6) 2.339(6) 2.325(5) 2.319(4) 2.310(5) 2.297(5)
Ln(3) - O(4) 2.313(5) 2.299(5) 2.287(4) 2.275(5) 2.258(5)
Ln(3) - O(6) 2.355(6) 2.352(5) 2.343(4) 2.327(5) 2.325(5)
Ln(1) - N(8) 2.670(8) 2.679(8) 2.667(5) 2.657(7) 2.658(7)
Ln(2) - N(6) 2.679(8) 2.676(7) 2.670(5) 2.654(6) 2.650(7)
Ln(3) - N(7) 2.639(8) 2.616(7) 2.623(5) 2.605(6) 2.598(7)
C(1) - N(1) 1.160(16) 1.140(14) 1.158(10) 1.159(13) 1.159(14)
C(2) - N(2) 1.131(16) 1.147(15) 1.154(11) 1.163(14) 1.167(14)
C(3) - N(3) 1.188(16) 1.168(15) 1.167(10) 1.176(13) 1.164(15)
C(4) - N(4) 1.16(2) 1.12(2) 1.136(13) 1.122(17) 1.131(19)
C(5) - N(5) 1.152(18) 1.161(15) 1.149(11) 1.149(13) 1.138(16)
Fe(1) - C(1) 1.908(14) 1.923(12) 1.917(8) 1.911(13) 1.909(11)
Fe(1) - C(2) 1.954(14) 1.943(13) 1.932(9) 1.931(14) 1.936(12)
Fe(1) - C(3) 1.899(13) 1.914(12) 1.917(9) 1.913(12) 1.915(12)
Fe(1) - C(4) 1.905(17) 1.954(16) 1.931(11) 1.936(16) 1.945(11)
Fe(1) - C(5) 1.927(14) 1.938(11) 1.927(8) 1.912(11) 1.940(16)
Table 3.9: [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3]: N · · · H−O hydrogen bond
distances (A˚)
Ln Gd Tb Dy Ho Er
O(1) - N(4) 2.741(18) 2.718(16) 2.731(11) 2.737(15) 2.717(16)
O(2) - N(3) 3.087(13) 3.114(13) 3.135(9) 3.143(11) 3.188(12)
O(3) - N(4)* 2.790 2.814 2.792 2.818 2.791
* Distances estimated using the software CrystalMaker R©
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Figure 3.9: View through the c-axis of [Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)3]
the linker for Ho, Er and Y compounds are very similar, 5.823◦, 4.723◦and 6.156◦,
respectively.
Since the three compounds synthesized are isostructural, only the Ho compound
will be discussed. The Ho3+ ions in the trinuclear lanthanide complex are located at
the vertices of a triangle, and the TDCI ligand caps the Ho3+ ions above and below
the plane in which the three Ho3+ ions are contained as shown in Figure 3.12b. The
Ho(1)3+ ion is coordinated by four oxygens from four µ-alkoxo groups and by two
amino groups of the ligand, by one water and by a cyanido group of the linker. The
µ2−O(5 )−Ho(1 ) and µ2−O(5 )−Ho(1 ) bond distances are 2.269(3) and 2.284(3) A˚,
respectively, and the Ho(1 )−N(1 ) (CN group) distance is 2.439(5) A˚. The bond
distances of Ho(1 )−O(1 ), water coordinated to the ion, is 2.411(4) A˚. The bond
distances Ho(1 )−N (amine) are 2.646(4) and 2.645(4) A˚.
The coordination around Ho(2)3+ ion is similar to that of Ho(1)3+ ion except
that Ho(2)3+ ion has two water molecules coordinated instead of a cyanido group, as
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(a) Ho-Co (b) Dy-Cr
Figure 3.10: Side view of a complex and the linker
shown in Figure 3.12b. The bond distances of µ2−O(3 )−Ho(2 ) and µ2−O(4 )−Ho(2 )
are 2.314(4) and 2.309(4) A˚, respectively. The bond distance of Ho(2 )−O(2 ), water
coordinated to the ion, is 2.373(4) A˚, and the bond distances Ho(2 )−N, the amino
group of the ligand, are 2.645(6) and 2.648(6) A˚.
The shorter µ2−O−Ho(2 ) distances observed around the ion can be interpreted
as consequence of the weaker donors at the other coordination sites around this ion.
Since the cyanido ligand is not as good electron donor as water, the alkoxo groups
from TDCI move closer to donate more electron density. A compensation elongation
of µ2−O−Ho(1 ) bond distances can be seen as well. The coordinated water to the
Ho(1)3+ ion moves closer to compensate for the small shifting of the alkoxo groups of
the ligand. The bond distances found for this compound are close to those obtained
in [Ho3(TDCI)2(H2O)3(µ−CN)3Fe(CN)4].
The Co3+ ion is coordinated by six cyanide groups forming a regular octahedron.
The Co−C distances range from 1.880(6) to 1.913(9) A˚, which are consistent with
the distances previously reported.30 [Co(CN)6]
3– links two [Ho3(TDCI)2(H2O)4]
3+
units through two cyanido gropus, 6 Ho(1)N(1)C(1) = 142.6(4)◦; the Ho ions of
the trinuclear lanthanide complexes involved in the linkage, Ho(1) - Ho(1), can be
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Table 3.10: [Ln3(TDCI)2(H2O)4(µ−CN)2Co(CN)4] · nH2O: Selected distances (A˚)
Ln Ho Er Y
Ln(1) - Ln(1) 3.5987(8) 3.5822(15) 3.594(2)
Ln(1) - Ln(2) 3.6869(6) 3.6719(10) 3.6869(14)
Ln(1) - O(1) 2.411(4) 2.404(4) 2.409(2)
Ln(2) - O(2) 2.373(4) 2.362(5) 2.364(2)
Ln(1) - N(1) 2.439(5) 2.427(6) 2.444(3)
Ln(1) - O(3) 2.326(4) 2.320(4) 2.326(2)
Ln(1) - O(4) 2.319(4) 2.309(5) 2.320(2)
Ln(1) - O(5) 2.269(3) 2.278(4) 2.2728(19)
Ln(1) - O(6) 2.284(3) 2.263(4) 2.2869(19)
Ln(2) - O(3) 2.314(4) 2.291(4) 2.309(2)
Ln(2) - O(4) 2.309(4) 2.308(4) 2.309(2)
Ln(1) - N(5) 2.646(4) 2.640(5) 2.652(3)
Ln(1) - N(6) 2.645(4) 2.650(5) 2.644(3)
Ln(2) - N(7) 2.645(6) 2.641(7) 2.650(4)
Ln(2) - N(8) 2.648(6) 2.653(8) 2.653(4)
C(1) - N(1) 1.156(8) 1.161(9) 1.154(4)
C(2) - N(2) 1.165(11) 1.148(13) 1.156(6)
C(3) - N(3) 1.152(10) 1.154(12) 1.163(6)
C(4) - N(4) 1.150(7) 1.153(9) 1.154(4)
Co(1) - C(1) 1.880(6) 1.890(7) 1.886(3)
Co(1) - C(2) 1.910(9) 1.936(12) 1.911(5)
Co(1) - C(3) 1.913(9) 1.926(10) 1.915(5)
Co(1) - C(4) 1.898(7) 1.902(6) 1.893(3)
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Figure 3.11: View through the b-axis of [Ln3(TDCI)2(H2O)4(µ−CN)2Co(CN)4]
seen as the base of the triangles. Each [Co(CN)6]
3– unit bridges two trinuclear
lanthanide complexes resulting in a 1-D chain of alternating units of linker and
trinuclear lanthanide complex that grows along the b axis. The observed preference
of the linker to bridge two trinuclear lanthanide complex through two cis −CN groups
is because of the ‘moderate’ strength69 of the hydrogen bonding formed between
the water coordinated to the Ho(1) ion and the nitrogen from the cyanido group,
O(1 ) · · · N(4 ), with a distance of 3.033(6) A˚ as seen in Figure 3.12a.
3.4 Compounds Formed in Anhydrous Conditions
In attempts to increase the crosslinking between the trinuclear lanthanide com-
plexes and the linker, synthesis of compounds using the linker [Cr(CN)6]
3– was at-
tempted under anhydrous condition. Dichloromethane and acetonitrile were used
because they are solvents with a very low affinity for the lanthanide ions. However,
a different synthetic approach had to be taken, for the linkers are only soluble in
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(a) View through the b-axis without the ligand TDCI
(b) Side view of the complex and linker with coordinated water molecules
omitted for clarity
Figure 3.12: [Ln3(TDCI)2(H2O)4(µ−CN)2Co(CN)4]
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water.
3.4.1 Synthesis
Both the linker and the crown ether are insoluble in acetonitrile by themselves;
however, they become soluble when both are present in the solvent. Stoichiometric
proportions (1:3) of the linker and 18-Crown-6 were placed in a vial containing 0.5
mL of acetonitrile, and after grinding both compound and some heat was applied,
both solids were dissolved in the acetonitrile. Then, 1.5 mL of acetonitrile were
added to get a 2-mL solution of acetonitrile, and a 4-mL layer of acetonitrile:ethanol
in a volume ratio of 1:1 was slowly added. The trinuclear lanthanide complex was
dissolved in 2 mL of ethanol and slowly layered. After two days, a very fine crystalline
powder-like layer was formed on the walls and bottom of the vial. When using
dichloromethane as solvent, the reactions did not yield any crystals.
3.4.2 Structure
The crystals obtained were very small and partial structures resulted from a data
set collected at the ALS (Advance Light Source) at Lawrence Berkeley National
Laboratories. Each [Cr(CN)6]
3– bridges three [Dy3(TDCI)2(H2O)4]
3+ units, and vice
versa. The resulting complex compounds consist of 1-D chain of alternating units of
linker and trinuclear lanthanide complex that grows along the b axis. This ladder-like
structure results from the crosslinking of two chains obtained from reactions carried
out under aqueous condition (Figure 3.3), as shown in Figure 3.13. In this new
compound, the coordination around the Dy3+ ions differs from that of the Dy3+ ions
in the chains obtained under aqueous conditions. In this ladder-like structure, one
of the Dy3+ ions does not have water molecules coordinated, and it is coordinated
by two cyanido groups of the linker. In contrast, in the chains obtained in aqueous
conditions, all of the Dy3+ ions are coordinated by at least one water molecule. In the
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Figure 3.13: Ladder-like structure without the ligand TDCI
Figure 3.14: Packing of the ladder-like structure without the ligand TDCI
ladder like structure, it can also be observed that one of the Dy3+ ions is coordinated
by two water molecules and a cyanido group, which is not observed in the chains
synthesized in aqueous conditions.
3.5 Conclusions
The family obtained with the linker [Cr(CN)6]
3– has three isostructural com-
pounds when the trinuclear lanthanide complex has the lanthanide ions Gd3+, Tb3+
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and Dy3+. This family of compounds features 1-D chains of alternating units of the
linker and the trinuclear lanthanide complexes. The linker bridges two trinuclear
lanthanide complexes through two cis cyanido groups, and all of the compounds in
this family crystallize in the Pmmn space group. Despite the close similarity of
[Fe(CN)6]
3– and [Cr(CN)6]
3–, compounds synthesized with the two different linkers
differ in their structures.
In the chemical context reported here, [Fe(CN)6]
3– is a more versatile linker;
it forms a family of five isostructural compounds with the trinuclear lanthanide
complexes having Gd3+- Er3+ ions. The linker [Fe(CN)6]
3– bridges three trinuclear
lanthanide complexes forming a 2D-network, and all of the compounds in this family
crystallize in the Pnma space group.
Unexpectedly, [Co(CN)6]
3– gives yet another family of three isostructural com-
pounds when the trinuclear lanthanide complex contains Ho3+, Er3+ and Y3+. As
seen for [Cr(CN)6]
3–, these compounds form 1-D chains of alternating linker molecules
and trinuclear lanthanide complex units, but in this case the linker is not exactly
coplanar to the trinuclear lanthanide complex and has a torsion angle.
Anhydrous conditions using crown ethers to dissolve K3[Cr(CN)6] in acetonitrile
and using the Dy-based trinuclear lanthanide complex yields a new compound that
can be described as the crosslinking of two chains obtained in anhydrous conditions.
However, the crystals obtained in anhydrous conditions are very small and only a
partial structure was obtained.
The use of trinuclear lanthanide complexes supported by TDCI coupled with
the versatility of the cyanido groups of the hexacyanometallates to bridge two or
three lanthanide ions yield to a variety of unexpected structures, even though the
molecular shape and the charges are the same for all of the linkers.
There exists an intrinsic relationship between the size of the linker and the size
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of the ions in the trinuclear lanthanide complexes. Crystals were obtained when the
larger linker [Cr(CN)6]
3– was combined with trinuclear lanthanide complexes having
the larger ions Gd3+, Tb3+ and Dy3+, but crystals did not form when the trinuclear
lanthanide complexes had the smaller ions Ho3+, Er3+ and Y3+. In contrast, the
smaller linker [Co(CN)6]
3– produced crystals when the trinuclear lanthanide com-
plexes had the smaller ions Ho3+, Er3+ and Y3+, but crystals were not formed when
the trinuclear lanthanide complexes contained the larger ions Gd3+, Tb3+ and Dy3+.
Water and hydrogen bonding play a crucial role in the crystallization and struc-
ture stabilization in the three families of compounds. Their synthesis is optimized by
using a solvent mixture water:acetonitrile:ethanol in a volume ratio 1:1:2. Very small
crystals were obtained when the synthesis was carried out in anhydrous conditions,
and the average hydrogen bond distances found throughout the compounds discussed
in this chapter are comparable in strength to those found in biological molecules.69
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4. NEW COORDINATION COMPOUNDS COMPRISING TRINUCLEAR
LANTHANIDE COMPLEXES AND TETRACYANOMETALLATES
4.1 Introduction
In this chapter, we describe the use of tetracyanometallates and trinuclear lan-
thanide complexes supported by TDCI (Figure 3.1), part of the exploration of met-
allocyanates as linkers. In general, the tetracyanometallates have been less explored
than the hexacyanometallates as components in coordination solids most likely be-
cause they are d8 closed shell complexes and magnetic contributions from them
are not expected. Nevertheless, some such compounds with lanthanide ions and
square planar tetracyanometallates have been synthesized.70 Herein, the synthesis
of new compounds using trinuclear lanthanide complexes and tetracyanometallates
including three different linkers, [M(CN)4]
2– with M = Ni, Pt and Pd, is described.
Contrary to the hexacyanometallates previously discussed, all of the compounds dis-
cussed here are isostructural, and they form complexes of co-oligomers composed
of alternating three linker molecules and two trinuclear lanthanide complex units
(Figure 4.2).
4.2 Experimental
4.2.1 Synthesis of the [Ln3(TDCI)2(H2O)4]2[M(CN)4]3
The compounds were synthesized by slow diffusion of solutions containing stoi-
chiometric amounts of the reactants. K2[M(CN)4] salts (M = Ni, Pd and Pt), 0.014
mmoles, were dissolved in 0.5 mL of water, and when dissolution was complete, 1.5
mL of acetonitrile were added in each case. A 4-mL solution of water, acetonitrile
and ethanol in a volume ratio of 1:3:4, respectively, was carefully layerd on top of
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Linker
2 mL acetonitrile:water
(3:1)
4 mL
ethanol:acetonitrile:water
(4:3:1)
trinuclear lanthanide complex
2 mL ethanol
Figure 4.1: Schematic representation of a vial
the solution containing the tetracyanometallates. Lastly, a 2-mL ethanolic solution
of the trinuclear lanthanide complex, [Ln3(TDCI)2(H2O)6](F3CSO3)3 (Ln = Gd, Tb,
Dy, Ho, Er and Y), was layered. After two weeks crystals suitable for X-ray diffrac-
tion were obtained, and the resulting compounds proved to be isostructural, having
the nominal composition of [Ln3(TDCI)2(H2O)4]2[M(CN)4]3. All of the compounds
formed transparent crystals that were thin and flat with a trapezoidal shape.
4.2.2 X-Ray Data Collection
Single crystal X-Ray data was collected using the same procedure described
in the previous chapter. However, single crystal X-Ray data for the compound
[Ho3(TDCI)2(H2O)4]2[Ni(CN)4]3 was collected using a Bruker-AXS GADDS MWPC
with three-circle D8 Goniometer X-Ray Diffractometer and Copper X-ray Radiation
(λ = 1.54A˚). A single crystal of [Ho3(TDCI)2(H2O)4]2[Ni(CN)4]3 was mounted on
nylon loops utilizing and placed under N2 stream at 100 K for data collection.
The reflections from the diffraction pattern were indexed using SMART soft-
ware,71 and the integration of peak intensities were carried out using SAINT soft-
ware.72 The program SADABS was utilized for absorption corrections.65 For struc-
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Table 4.1: [Ln3(TDCI)2(H2O)4]2[Ni(CN)4]3: Lattice parameters and volumes
Dy Ho Er
a (A˚) 19.34(2) 19.0699(15) 19.28(2)
b (A˚) 13.765(14) 13.6136(13) 13.739(14)
c (A˚) 41.28(5) 40.869(4) 41.17(4)
α = γ (◦) 90 90 90
β (◦) 100.709(10) 100.840(6) 100.290(13)
V (A˚3) 10799(20) 10420.7(16) 10732(19)
Table 4.2: [Ln3(TDCI)2(H2O)4]2[Ni(CN)4]3: Data collection and refinement
Ln Dy Ho Er
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2/c C2/c C2/c
Z 92 89 92
No. Reflection
Collected 7552 208339 19941
Independent 1800 7435 8857
R indexes [I> 2σ(I)] Ra1 = 0.0810 R
a
1 = 0.1583 R
a
1 = 0.0825
wRb2 = 0.2012 wR
c
2 = 0.3607 wR
d
2 = 0.1847
R indexes (all data) Ra1 = 0.0875 R
a
1 = 0.1649 R
a
1 = 0.1083
wRb2 = 0.2056 wR
c
2 = 0.3641 wR
d
2 = 0.1966
Ra1 =
∑ ||Fo|−|Fc||/∑ |Fo|; wRb,c,d2 = (∑([w(F 2o −F 2c )2]/∑[(F 2o )2])1/2, in whichwb = 1/[σ2(F 2o )+
(0.73P )2+(3940.2P )]; wc = 1/[σ2(F 2o )+ (0.0P )
2+(3384.48P )] and wd = 1/[σ2(F 2o )+ (0.044P )
2+
(1166.77P )], P = (F 2o + 2F
2
c )/3
ture elucidation, OLEX2 version 1.2.5 software66 was used as the interface to SHELXS
to solve the structures with Direct Methods and to SHELXL to refine the structures
with the Least-Squares method.67
4.2.2.1 X-Ray Diffraction Studies of [Ln3(TDCI)2(H2O)4]2[Ni(CN)4]3
For [Dy3(TDCI)2(H2O)4]2[Ni(CN)4]3, a colorless flat crystal with dimension 0.012
x 0.021 x 0.010 mm was placed on the diffractometer and 7552 reflections were col-
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lected. For [Ho3(TDCI)2(H2O)4]2[Ni(CN)4]3 a pale pink flat crystal with dimension
0.019 x 0.017 x 0.008 mm was placed on the diffractometer and 208339 reflections
were collected, and for [Er3(TDCI)2(H2O)4]2[Ni(CN)4]3, also a very pale pink flat
crystal with dimension 0.020 x 0.019 x 0.011 mm was placed on the diffractometer
and 19941 reflections were collected. The lattice parameters are summarized in Ta-
ble 4.1 and the crystallographic data collection and refinement parameters are given
in Table 4.2.
4.2.2.2 X-Ray Diffraction Studies of [Ln3(TDCI)2(H2O)4]2[M(CN)4]3
For [Dy3(TDCI)2(H2O)4]2[Pd(CN)4]3, a colorless flat crystal with dimension 0.015
x 0.016 x 0.012 mm was placed on the diffractometer and 53608 reflections were
collected. For [Gd3(TDCI)2(H2O)4]2[Pt(CN)4]3 a colorless flat crystal with dimension
0.016 x 0.014 x 0.012 mm was placed on the diffractometer and 10376 reflections were
collected, and for [Dy3(TDCI)2(H2O)4]2[Pt(CN)4]3, also a colorless flat crystal with
dimension 0.015 x 0.011 x 0.010 mm was placed on the diffractometer and 45506
reflections were collected. The lattice parameters are summarized in Table 4.1 and
the crystallographic data collection and refinement parameters are given in Table 4.4.
Table 4.3: [Ln3(TDCI)2(H2O)4]2[M(CN)4]3: Lattice parameters and volumes
Dy-Pd Gd-Pt Dy-Pt
a (A˚) 19.105(7) 19.260(8) 19.179(7)
b (A˚) 13.685(5) 13.791(6) 13.728(5)
c (A˚) 41.268(16) 41.488(17) 41.349(15)
α = γ (◦) 90 90 90
β (◦) 100.709(10) 101.664(4) 101.348(4)
V (A˚3) 10582(7) 10792(8) 10674(7)
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Table 4.4: [Ln3(TDCI)2(H2O)4]2[M(CN)4]3: Data collection and refinement
Dy-Pd Gd-Pt Dy-Pt
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2/c C2/c C2/c
Z 88 88 88
Abs. coefficient (mm−1) 18.981 40.771 41.919
No. Reflection
Collected 53608 10376 45506
Independent 10297 2174 7608
R indexes [I> 2σ(I)] Ra1 = 0.0672 R
a
1 = 0.0809 R
a
1 = 0.0580
wRb2 = 0.1521 wR
c
2 = 0.1820 wR
d
2 = 0.1342
R indexes (all data) Ra1 = 0.0958 R
a
1 = 0.0850 R
a
1 = 0.0626
wRb2 = 0.1660 wR
c
2 = 0.1842 wR
d
2 = 0.1364
Ra1 =
∑ ||Fo| − |Fc||/∑ |Fo|; wRb,c,d2 = (∑([w(F 2o − F 2c )2]/∑[(F 2o )2])1/2, in which wb =
1/[σ2(F 2o ) + (0.049P )
2 + (666.55P )]; wc = 1/[σ2(F 2o ) + (00.023P )
2 + (1130.45P )] and wd =
1/[σ2(F 2o ) + (0.019P )
2 + (6041.33P )], P = (F 2o + 2F
2
c )/3
4.3 Results and Discussion
4.3.1 Synthesis
The use of cyanometallates as linkers started with K2[Ni(CN)4] and the trinuclear
lanthanide complex [Dy3(TDCI)2(H2O)6](OTf)3. The initial reaction conditions con-
sisted of using water and ethanol in a 1:1 volume ratio, and the tetracyanometallate
salt was dissolved in water and the trinuclear lanthanide complex in ethanol. After
a week, the formation of crystals was observed on the walls of the vial. From the
results obtained with K2[Ni(CN)4], the exploration of cyanometallates was extended
to the use of K2[Zn(CN)4], but it did not produce any crystals. The crystals obtained
using K2[Ni(CN)4] with these initial reaction conditions produced very small crystals
that showed a few reflections on the diffraction pattern. In attempts to obtain crys-
tals of sufficient quality for X-ray structure determination, the amount of water was
reduced and replaced with acetonitrile. By reducing the amount of water to half of
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Figure 4.2: Co-oligomer viewed through the b-axis
the initial proportions, better crystals were synthesized but their crystal refinements
still needed improvement. Crystals that produced the better refinements were ob-
tained when the amount of water was reduced to a fourth of the initial proportions,
resulting in a 1:3:4 volume ratio of water:acetonitrile:ethanol.
The initial results obtained with K2[Ni(CN)4] generated an interest to pursue the
study of utilizing hexacyanometallates as linkers too, which results are discussed in
another chapter. In turn, the unexpected results obtained within the hexacyanomet-
allates lead to a renewed study of compounds made by use of K2[Pd(CN)4] and
K2[Pt(CN)4]. However, the results obtained with the tetracyanometallates consis-
tently produced isostructural compounds with the three linkers over a wide range of
solvent compositions.
4.3.2 Structure of [Ln3(TDCI)2(H2O)4]2[M(CN)4]3
The complexes obtained utilizing tetracyanometallates as linkers features com-
plexes of co-oligomers comprising three linker molecules and two trinuclear lan-
thanide complex units as seen in Figure 4.2. Since all of the compounds synthesized
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(a) View through the b-axis without the ligand TDCI
(b) Side view of the complex and linker with coordinated water molecules omitted
for clarity
Figure 4.3: [Ln3(TDCI)2(H2O)4]2[Pd(CN)4]3
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with the square planar tetracyanometallates are isostructural, only the compound
[Dy3(TDCI)2(H2O)4]2[Pd(CN)4]3 is discussed. The Dy(1)
3+ and Dy(3)3+ ions are co-
ordinated by four oxygens from four µ-alkoxo groups and by two amino groups of the
ligand, by one water and by a cyanido group of the linker. The µ2−O−Dy distances
range from 2.274(12) - 2.363(12) A˚, which are close to the values obtained for the
compounds having Dy-based complexes discussed previously, 2.281(2) - 2.336(3) A˚.
The Dy−N (amine) distances range from 2.614(11) - 2.650(13) A˚, and they are also
close the distances from the previously discussed Dy complexes, 2.634(4) - 2.657(6)
A˚. The bond distance of Dy−O(H2O) are 2.405(9) and 2.383(10) A˚. The Dy−N (CN)
distance are 2.432(11) and 2.470(12) A˚, which are close to the Dy−N (CN) bond dis-
tance, 2.465(5) A˚, in the compound [Dy3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4] · nH2O.
The coordination around Dy(2)3+ ion is similar to that of Dy(1)3+ and Dy(3)3+
ions except that Dy(2)3+ ion has two water molecules coordinated instead of a
cyanido group, as shown in Figure 4.3a. For µ2−O−Dy(2 ), the distances range from
2.270(8) - 2.334(8) A˚. The Dy(2 )−O (H2O) distances are 2.393(9) and 2.442(9)A˚.
These distances are similar to those found in the previously discussed compound
[Dy3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4] · nH2O.
The Pd2+ ions are coordinated by four cyanide. The Pd−C distances range
from 1.944(15) to 2.016(17) A˚ and the M−C≡N angles are close to linearity rang-
ing from 176(2) - 179.0(15)◦. The linker, [Pd(CN)4]
2–, binds to the trinuclear lan-
thanide complex in two different forms. One of the [Pd(CN)4]
2– molecules bridges
two [Dy3(TDCI)2(H2O)4]
3+ units through two trans cyanido groups. The Dy3+ ions
of the trinuclear lanthanide complexes involved in the linkage, Dy(1) - Dy(3), can
be seen as the base of the triangles. The [Pd(CN)4]
2– molecule that bridges the two
trinuclear lanthanide complexes have a torsion angle of ∼64◦ with respect to the Dy3
plane, and this rotation of the linker is usually observed in other compounds con-
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Table 4.5: [Ln3(TDCI)2(H2O)4]2[M(CN)4]3: Selected interatomic distances (A˚)
Er-Ni Dy-Pd
Ln(1) - Ln(2) 3.697(4) 3.6989(15)
Ln(1) - Ln(3) 3.619(3) 3.6210(13)
Ln(2) - Ln(3) 3.667(4) 3.6582(16)
Ln(1) - O(10) 2.396(13) 2.405(9)
Ln(2) - O(5) 2.400(12) 2.393(9)
Ln(2) - O(7) 2.414(12) 2.442(9)
Ln(3) - O(8) 2.381(12) 2.383(10)
Ln(1) - N(1) 2.469(18) 2.470(12)
Ln(3) - N(16) 2.435(16) 2.432(11)
Ln(1) - O(2) 2.363(12) 2.349(8)
Ln(1) - O(3) 2.312(12) 2.338(8)
Ln(1) - O(4) 2.262(11) 2.268(8)
Ln(1) - O(9) 2.274(12) 2.272(8)
Ln(2) - O(1) 2.313(11) 2.306(8)
Ln(2) - O(2) 2.305(12) 2.300(8)
Ln(2) - O(3) 2.305(12) 2.334(8)
Ln(2) - O(6) 2.274(11) 2.270(8)
Ln(3) - O(1) 2.338(11) 2.323(8)
Ln(3) - O(6) 2.324(11) 2.297(9)
Ln(3) - O(4) 2.301(11) 2.318(8)
Ln(3) - O(9) 2.274(12) 2.275(8)
Ln(1) - N(14) 2.648(16) 2.631(11)
Ln(1) - N(17) 2.630(15) 2.614(11)
Ln(2) - N(12) 2.644(14) 2.624(11)
Ln(2) - N(19) 2.626(17) 2.615(12)
Ln(3) - N(13) 2.64(2) 2.650(13)
Ln(3) - N(20) 2.661(15) 2.637(11)
M(1) - C(5) 1.86(2) 2.000(15)
M(1) - C(10) 1.872(18) 1.983(15)
M(1) - C(11) 1.85(2) 1.982(16)
M(1) - C(1J) 1.86(2) 1.977(16)
C(5) - N(1) 1.18(3) 1.153(18)
C(10) - N(6) 1.13(2) 1.115(18)
C(11) - N(2) 1.18(2) 1.154(19)
C(1J) - N(3) 1.14(3) 1.13(2)
M(2) - C(8) 1.91(2) 2.016(17)
M(2) - C(16) 1.892(19) 1.944(15)
C(8) - N(4) 1.15(2) 1.109(19)
C(16) - N(16) 1.15(2) 1.198(18)
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Table 4.6: [Ln3(TDCI)2(H2O)4]2[M(CN)4]3: Selected angles (
◦)
Er-Ni Dy-Pd
Ln(1) - Ln(2) - Ln(3) 58.87(3) 58.965(18)
Ln(2) - Ln(1) - Ln(3) 60.15(7) 59.96(3)
Ln(2) - Ln(3) - Ln(1) 60.98(6) 61.08(3)
O(10) - Ln(1) - N(1) 75.1(6) 74.8(4)
O(5) - Ln(2) - O(7) 77.1(4) 94.3(3)
O(8) - Ln(3) - N(16) 80.9(5) 81.0(4)
Ln(1) - N(1) - C(5) 154.5(17) 155.5(13)
Ln(3) - N(16) - C(16) 166.1(17) 165.6(14)
Ln(1) - O(2) - Ln(2) 104.7(4) 105.4(3)
Ln(1) - O(3) - Ln(2) 105.4(4) 104.7(3)
Ln(1) - O(4) - Ln(3) 104.9(4) 105.0(3)
Ln(1) - O(9) - Ln(3) 105.4(5) 105.6(3)
Ln(2) - O(1) - Ln(3) 104.0(4) 104.4(3)
Ln(2) - O(6) - Ln(3) 105.8(4) 105.8(3)
M(1) - C(5) - N(1) 176.3(18) 179.0(15)
M(1) - C(10) - N(6) 177(2) 177.5(15)
M(1) - C(11) - N(2) 174.7(18) 176.1(14)
M(1) - C(1J) - N(3) 175(2) 176(2)
M(2) - C(8) - N(4) 172.7(18) 174.3(14)
M(2) - C(16) - N(16) 176.5(17) 175.3(14)
Table 4.7: [Ln3(TDCI)2(H2O)4]2[M(CN)4]3: Hydrogen bonding distances (A˚)
Er-Ni Dy-Pd
O(11) - N(3) 2.858* 2.87(2)
O(10) - N(3) 3.40(3) 3.65(2)
O(8) - N(1M) 2.74(3) 2.768*
O(5) - N(2) 2.762* 2.752(17)
* Distances estimated using the software CrystalMaker R©
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taining tetracyanometallates as linkers.73 The other form [Pd(CN)4]
2– binds to the
trinuclear lanthanide complex is as terminal ligands, and these terminal [Pd(CN)4]
2–
are coplanar to the Dy3 plane of the trinuclear lanthanide complexes (Figure 4.3b).
This coplanarity of the terminal linker is partially stabilized by hydrogen bonding
between the adjacent coordinated water molecule to the Dy3+ ion of the complex,
as seen in Figure 4.3a; this hydrogen bond distance, N(3 ) · · · O(10 ), is 3.65(2) A˚,
which falls in the range of weak hydrogen bonding.69
In this structure, molecular complexes are formed when each co-oligomer links
to the next one by hydrogen bonding between the coordinated water molecules to
the lanthanide ions and the cyanido groups of the terminal [Pd(CN)4]
2–, as seen in
Figure 4.4. This hydrogen bond distance, denoted as O(5 ) · · · N(2 ), is 2.752(17)
A˚, which is a moderately strong hydrogen bond.69 This hydrogen bonding helps to
stabilize the co-oligomers arrangement that extends through the a - c plane, and their
packing forms an undulated stacking as seen in Figure 4.5. The terminal [Pd(CN)4]
2–
has ethanol molecules hydrogen bonded to its cyanido groups, O(11 ) · ··N(3 ), with
a distance of 2.87(2) A˚. Acetonitrile molecules are also hydrogen bonding to the
coordinated water molecules of the complexes, O(8 ) · · · N(1 M), with an estimated
distance of 2.768 A˚. All of the hydrogen bond distances are summarized in Table 4.7.
4.4 Conclusions
Contrary to the more versatile hexacyanometallates, the structures obtained using
trinuclear lanthanide complexes supported by TDCI and tetracyanometallates are
all isostructural, and they all crystallized in the space group C2/c. The compounds
synthesized comprise complexes of co-oligomers composed of alternating three linker
molecules and two trinuclear lanthanide complex units. The linker bonds to the
trinuclear lanthanide complexes in two different forms, as terminal, which is coplanar
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Figure 4.4: Co-oligomers linked by hydrogen bonding
Figure 4.5: View through the a axis
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to the trinuclear lanthanide complexes, and as bridging linker, which has a torsion
angle with respect of the trinuclear lanthanide complexes.
Similar to the coordination networks formed by the hexacyanometallates, water
and hydrogen bonding have a crucial role in this kind of compounds. Each co-
oligomer links to the next one via hydrogen bonding between water molecules of
the trinuclear lanthanide complexes and the cyanido groups of the terminal linkers
forming layers in the a - c plane. The layers in this kind of compounds stack in a wavy
pattern. Solvent molecules of water, ethanol and acetonitrile are hydrogen bonded to
the co-oligomers. The hydrogen bond distances in the compounds discussed in this
chapter are also comparable in strength to those found in biological molecules.69 The
high degree of solvation and the formation of hydrogen bonding among co-oligomers
explain the fragility and the instability of the crystals once they are removed from
the solvent, making them a challenge to obtain good quality crystals for single crystal
studies.
Structure determination of the crystals obtained with the initial synthetic con-
ditions was not possible using the diffractometers of the chemistry department at
Texas A&M, but their structures were partially determined at the ALS (Advance
Light Source) at Lawrence Berkeley National Laboratories. Crystals suitable for
single crystal X-Ray diffraction were obtained when using a solvent mixture of wa-
ter:acetonitrile:ethanol in a volume ratio 1:3:4, respectively.
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5. SYNTHESIS AND MAGNETIC PROPERTIES OF LANTHANIDE
BROMIDE CLUSTERS ADOPTING THE FORM Y6I10Ru
5.1 Introduction
With the goal of obtaining chain compounds with magnetic properties, the ex-
ploratory synthesis of reduced lanthanide clusters started with the use of lanthanide
bromides to encapsulate transition metals. The encapsulation of Co using the lan-
thanides Gd, Tb and Er yielded isostructural compounds adopting the form of
Y6I10Ru.
41 Since the compounds of this family are isostructural, the difference on
their magnetic properties arises primarily from the variation of the lanthanide and
not to structural changes. In addition, the synthesis of Tb6Br10Ni allows us to
observe the effect of the electronic configuration of the cluster on its magnetic prop-
erties. In this chapter, the synthesis optimization and the magnetic properties of
four isostructural compounds are described.
Figure 5.1: Portion of the Gd6Br10Co structure
2
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5.2 Experimental
5.2.1 Synthesis
The target compound Ln6Br10M was obtained by mixing stoichiometric propor-
tions of LnBr3, Ln turnings (Ln = Gd, Tb and Er) and MBr2 or elemental M (M =
Co and Ni) in Nb tubes. The Nb tubes were crimped and sealed under Ar with an
arc welder and then placed inside fused silica ampoules, which were in turn sealed
under vacuum. Reactions were carried out inside electrical tube furnaces that were
heated to the target reaction temperature. The heating profile for the target com-
pound Ln6Br10M was to set the initial temperature to 100
◦C, and then increase it
to a target temperature, 750 - 950◦C, at a rate of 16◦C/hr. The temperature was
mantained at the target temperature for 500 hrs and then cooled to RT at a rate
of 15◦C/hr. The Nb tubes containing the target compounds were open inside glove
boxes and analyzed using X-Ray powder diffraction.
5.2.2 X-Ray Powder Diffraction
The samples were retrieved from the Nb tubes and about 50 mg were placed in a
mortar and ground to a fine homogeneous powder. The sample was then placed on
the sample holder for a two circle goniometer, Figure 5.2. The X-ray source was a 2.2
kW Cu X-ray tube, and it was maintained at an operating current of 40 kV and 40
mA. The optics of the X-ray was the standard Bragg-Brentano para-focusing mode
with the X-ray diverging from a DS slit (1 mm) at the tube to radiate the sample,
and then it converged through an anti-scatter SS slit (1 mm) to a RS receiving slit
(0.2 mm) at the monochromator. The two-circle 250 mm diameter goniometer was
controlled by a computer with independent stepper motors. The detector was a NaI
6 -1 scintillation detector with a maximum count rate of 2 x 10 s−1. Kβ radiation
and fluorescence were eliminated by using a graphite monochromator. The standard
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Figure 5.2: Sample holder
X-Ray profile consisted of measuring from 2θ = 5 - 90◦ with stepsize of 0.014◦ and 0.3
seconds per step. CrystalDiffract R© software was employed for phase identification.
5.2.3 Magnetic Measurements
Magnetic susceptibility measurements were performed on polycrystalline samples
of the compounds Gd6Br10Co, Tb6Br10Co, Er6Br10Co and Tb6Br10Ni using a SQUID
(Quantum Design MPMSXL) magnetometer. All the samples were prepared by
placing 30 mg of the sample in a preweighed plastic bag and inside a plastic straw.
The samples were all prepared using plastic weight boats and Teflon R© coated spatulas
and tweezers. Magnetic measurement were performed in a temperature range of 2 -
300 K using different magnetic fields, 0.1, 1, 2 and 3 Tesla. The data obtained was
then corrected for the sample holder contributions after the measurements.
5.3 Results and Discussion
5.3.1 Synthesis
The synthesis of the compound Gd6Br10Co was obtained when attempting to
synthesized the compound Gd4Br4Co, which would have been isostructural with
Y4Br4Os.
39 In order to perform magnetic measurements, the compounds had to be
obtained in the highest purity. A range of temperatures was surveyed, and at the
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lower temperature of 750◦C, Gd6Br10Co was obtained at a very low yield and GdBr3
was the main phase indicating that there was very little reaction. At the higher
temperature of 900◦C, the target compound yield was low and the main phase was
GdBr3 and some GdOBr. At 950
◦C, the target compound was not observed and
GdBr3 was the predominant phase with a larger amount of GdOBr when compared
to the samples obtained at 900◦C. At the temperature of 800◦C, the target compound
was observed as the main phase but still containing some GdBr3 as impurities. At
850◦C, the target compound was the major phase, though formation of GdOBr seems
to be unavoidable under the conditions of handling and sample purity used in our
laboratory. The use of CoBr2 as source of interstitial atom was preferred over the
use of Co because CoBr2 yielded purer compounds and the target compound was
obtained in a purer form in the temperature range of 800 - 850◦C. This is presumably
due to our ability to eliminate surface oxide that is present in metallic cobalt samples.
It is likely that mos of the oxygen in our reactions originates from contamination of
the Ln turnings used.The synthetic results of the compounds Tb6Br10Co, Er6Br10Co
and Tb6Br10Ni were very consistent with the synthetic results of the Gd6Br10Co
compound. All of the compounds were obtained as black multifaceted crystals which
purity was confirmed by X-Ray powder diffraction (Figure C.1).
5.3.2 Magnetic Measurements
As it was previously stated,74 reduced lanthanide clusters require 18 e– to be a
closed-shell cluster. The cluster compounds with the composition Ln6Br10Co have
17 e– (6x3 - 10x1 + 9 = 17) per cluster, and an electronic configuration of a21gt
6
2ge
4
gt
5
1u.
Since these clusters have spin-density of one unpaired electron delocalized among
the metal-metal bonds of the Ln atoms, the cluster compounds described here are
expected to show strong intracluster ferromagnetic coupling.
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Table 5.1: Expected Curie constant for six independent Ln spins
Ln J gj C (emu/mol*K)
Gd 7/2 2 47.25
Tb 6 3/2 70.85
Er 15/2 6/5 68.85
In this kind of cluster-based compounds, their magnetic properties are deter-
mined by the strength of their intracluster ferromagnetic coupling and intercluster
antiferromagnetic coupling.75 If the intracluster ferromagnetic coupling is stronger
than the intercluster antiferromagnetic coupling, then in the compounds Ln6Br10Co
(Ln = Gd, Tb and Er), their χT values, which measures the alignment of the net
magnetic moment of the clusters with the applied magnetic field, are expected to be
higher than the Curie constant values for six independent Ln spins, which values are
summarized in Table 5.1.
In the magnetic susceptibility plots of the compounds Gd6Br10Co and Tb6Br10Co,
Figure 5.3 and Figure 5.4, respectively, we observe that the χT curves are above the
Curie line at high temperatures, indicating that at higher temperatures the strongest
magnetic coupling is indeed ferromagnetic. However, at low temperatures the mag-
netic susceptibility decreases drastically, showing that the intercluster antiferromag-
netic coupling is stronger.
The magnetic susceptibility plot of the compound Er6Br10Co (Figure 5.5) shows
that this compound has the weakest intracluster ferromagnetic coupling; its χT val-
ues at high temperature are very similar to the Curie constant for six independent
Er spins. However, as the temperature decreases, the χT values increase above the
Curie line and then, similarly to Gd6Br10Co and Tb6Br10Co, drastically decrease at
low temperature.
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Figure 5.3: Magnetic susceptibility of Gd6Br10Co at 1T
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Figure 5.4: Magnetic susceptibility of Tb6Br10Co at 1T
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Figure 5.5: Magnetic susceptibility of Er6Br10Co at 1T
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Figure 5.6: Magnetic susceptibility of Tb6Br10Ni at 1T
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As the magnetic behavior of this kind of cluster-based compounds was previ-
ously described,75 intercluster antiferromagnetic coupling interactions are favored at
low temperatures, causing the pronounced decrease of the magnetic susceptibility
observed in the magnetic behavior of the compounds Gd6Br10Co, Tb6Br10Co and
Er6Br10Co.
In the case of closed-shell cluster compounds, strong intramolecular ferromagnetic
coupling is not expected. Hence, the magnetic properties of the closed-shell com-
pound Tb6Br10Ni are expected to be similar to those of six independent Tb spins. To
illustrate this magnetic behavior, in Figure 5.6, we can observe that the χT values
for Tb6Br10Ni at high temperature are close to the Curie line for six independent Tb
spins and that the magnetic susceptibility decreases as the temperature decreases.
In the compound Tb6Br10Ni, intramolecular antiferromagnetic coupling and inter-
molecular antiferromagnetic coupling are the driving interactions that determine its
magnetic properties.
5.4 Conclusions
The exploratory synthesis of reduced lanthanide-bromide compounds included
the lanthanides Gd, Tb, Dy, Ho and Er and the transition metals Co and Ni as
interstitial atoms. Gd, Tb and Er in combination with Co as interstitial yielded
a family of compounds adopting the structure type Y6I10Ru. However, reactions
with Dy resulted in the compound DyBr2 while reactions with Ho produced the
compound Ho7Br12Co.
42 With Ni, only the compound Tb6Br10Ni was synthesized.
Elemental Co and Ni as well as their respective bromide salts, CoBr2 and NiBr2,
were utilized as sources of interstitial atom; CoBr2 and NiBr2 were preferred because
purer compound were obtained.
The yield of the compounds Ln6Br10Co (Ln = Gd, Tb and Er) and Tb6Br10Ni
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was optimized when the reaction temperature was 850◦C. Reactions at lower temper-
atures yielded mostly unreacted LnBr3 while higher temperatures produced LnBr3,
presumably due to decomposition of the target compound, and LnOBr (Ln = Gd,
Tb and Er).
The study of the magnetic properties of the family of compounds Ln6Br10Co (Ln
= Gd, Tb and Er) and Tb6Br10Ni provides an insight of the effect of the delocaliza-
tion of unpaired electrons among the metal-metal bonds on the coupling of the 4f
spins of the lanthanide atoms. In the family of compounds Ln6Br10Co, having 17 e
–
per cluster and a t51u HOMO configuration, Gd6Br10Co and Tb6Br10Co show strong
intracluster ferromagnetic coupling while the compound Er6Br10Co had the weakest
coupling at high temperatures. However, the three compounds showed that at low
temperature the intercluster antiferromagnetic coupling predominates. In the closed-
shelled Tb6Br10Ni with 18 e
– per cluster and a t61u HOMO configuration, intracluster
and intercluster antiferromagnetic coupling were predominant.
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Figure 5.7: Magnetic susceptibility comparison at 1T
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6. SYNTHESIS, STRUCTURE AND BONDING IN BIOCTAHEDRAL
CLUSTERS ENCAPSULATING DICARBIDES
6.1 Introduction
In attempts to obtain structures featuring chains of condensed octahedra, the ex-
ploratory synthesis of reduced lanthanide compounds utilizing main group elements
as interstitial atoms was limited to using carbon. However, the encapsulation of
carbon did not yield compounds having chain structures but did result in three new
compounds: RE10Br18(C2)2, with RE = Gd, Ho and Y, that are isostructural with
Gd10C4Cl18.
47 These three new compounds were found while attempting to syn-
thesize compounds isostructural with La4Br5C2, which are composed of chains of
condensed octahedra sharing opposite edges (Figure 1.7b),76 and with the composi-
tion K[RE10Br18(C2)]. There are three other known compounds in the RE10Br18(C2)2
family, summarized in Table 6.1, and the synthesis of the three new compounds dis-
cussed in this chapter extends the family. Even though Y-based compounds are not
expected to have any significant magnetic properties, the value of synthesizing this
kind of compounds resides in the theoretical studies that can be performed with-
out the converging complications that arises when using lanthanides with high spin
densities. In this chapter, the synthesis, structure and bonding of the compounds
obtained are described.
6.2 Experimental
6.2.1 Synthesis
The new compounds were obtained by mixing stoichiometric amounts of RE
turnings, REBr3 and graphite in Nb tubes when trying to synthesize the target
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Table 6.1: Lattice parameters and volumes
Compound Tb10Br18(C2)2 Dy10Br18(C2)2 Er10Br18(C2)2
a (A˚) 9.7562(7) 9.7399(12) 9.718(6)
b (A˚) 16.4254(9) 16.3398(15) 16.234(9)
c (A˚) 13.3043(8) 13.2469(19) 11.638(6)
α = γ (◦) 90 90 90
β (◦) 120.675(5) 120.869(9) 104.00(6)
V (A˚3) 1833.7 1809.6(4) 1781.5 (6)
Ref. 77 78 79
compound RE4Br5C2 or K[Gd10Br18(C2)]. The Nb tubes were crimped and sealed
under Ar with an arc welder and then placed inside fused silica ampoules, which were
sealed under vacuum. The ampoules were then place inside electric tube furnaces
and heated to the target temperature. The heating profile for the target compound
RE4Br5C2 was to set an initial temperature of 100
◦C, and then ramped up to 950◦C
at a rate of 16◦C/hr. The temperature was maintained at 950◦C for 24 hrs, and
then cooled down to 850◦C at a rate of 5◦C. The temperature was held at 850◦C
for 400 hrs and then cooled to RT at a rate of 15◦C/Hr. For the target compound
K[RE10Br18(C2)] a similar profile was followed but the temperature was maintained
at 1000◦C for 24 hrs instead of 950◦C. The product of these reactions consisted
mostly of black multifaceted crystals.
6.2.2 X-Ray Data Collection
Single crystal X-Ray with a Bruker-AXS APEXII equipped with Three-Circle
D5000 Goniometer and CCD/Phosphor MoKα X-ray radiation (λ = 0.71073A˚) was
employed to collect data and elucidate the structures of the compounds synthesized,
Gd10Br18(C2)2, Ho10Br18(C2)2, and Y10Br18(C2)2. Crystals of each of the compounds
were mounted on nylon loops utilizing Apeizon N grease and placed under N2 stream
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Table 6.2: Lattice parameters and volumes for RE10Br18(C2)2
Compound Gd6Br10(C2)2 Ho6Br10(C2)2 Y6Br10(C2)2
a (A˚) 9.7406(6) 9.6838(6) 9.729(3)
b (A˚) 16.4817(10) 16.2436(10) 16.323(4)
c (A˚) 11.8604(7) 11.6374(7) 13.229(3)
α = γ (◦) 90 90 90
β (◦) 104.394(2) 104.427(2) 121.131(2)
V (A˚3) 1844.32(19) 1772.84(19) 1798.3(8))
at 150 K for data collection. Indexing and data integration were carried out using
APEX2 Software Suite of programs.64 The program SADABS was utilized for ab-
sorption corrections,65 and for structure elucidation, OLEX2 version 1.2.5 software66
was used as the interface to SHELXS to solve the structures with Direct Methods
and to SHELXL to refine the structures with the Least-Squares method.67
For Gd10Br18(C2)2, a black multifaceted crystal with dimension 0.018 x 0.034
x 0.075 mm was placed on the diffractometer and 95223 reflections were collected;
for Ho10Br18(C2)2, a black multifaceted crystal with dimensions 0.020 x 0.040 x
0.081 mm was placed on the diffractometer and 85193 reflections were collected. For
Y10Br18(C2)2, a black multifaceted crystal with dimensions 0.022 x 0.056 x 0.089
mm was placed on the diffractometer and 34757 reflections were collected. The data
collection and refinement details are given in Table 6.3.
6.2.3 Computational Studies
DMol3, within the suite of programs of Material Studio, was employed to perform
electronic calculations on the compound Y10Br18(C2)2 using density functional the-
ory (DFT). The Becke exchange80 and the Lee-Yang-Parr correlation81 functionals
(BLYP) with relativistic effective core potentials (ECP) and with the double nu-
merical basis including d-polarization functions (DND) were employed. The atomic
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Figure 6.1: Space filling model of the compound Ho6Br10(C2)2 seen from the
b-axis that shows the ABC packing. Bromides are depicted as green, holmium as
blue, and carbon as black spheres
coordinates from the crystal structure of Y10Br18(C2)2 were utilized. The energy
convergence was set to 10−6 a.u., and a grid of 12 k-points were used to calculate the
density of states (DOS), HOMO, and LUMO.
6.3 Results and Discussion
6.3.1 Synthesis
The encapsulation of carbon as interstitial with the main goal of obtaining chain
structures, RE4Br5C2, or clusters with magnetic properties, K[RE10Br18(C2)], yielded
isostructural compounds with the form Gd10C4Cl18 that are not expected to have any
significant magnetic properties. X-Ray powder diffraction of the compounds synthe-
sized showed a mixture of reactants and the bioctahedral compounds, RE10Br18(C2)2,
as the main phases. Different heating profiles were utilized in attempts to obtained
the target compounds in higher purity; however, the products obtained were the
same but the concentrations at which were obtained varied with the heating profile.
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Table 6.3: Data collection and refinement for RE10Br18(C2)2
Compound Gd10Br18(C2)2 Ho10Br18(C2)2 Y10Br18(C2)2
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/n P21/n P21/c
Z 24 24 24
Density (calc.) (g/cm3)
Abs. coefficient (mm−1) 37.200 35.208 32.446
No. Reflection
Collected 95223 85193 34757
Independent 7959 1615 4449
R indexes [I> 2σ(I)] Ra1 = 0.0416 R
a
1 = 0.0380 R
a
1 = 0.0345
wRb2 = 0.0691 wR
c
2 = 0.0671 wR
d
2 = 0.0623
R indexes (all data) Ra1 = 0.0766 R
a
1 = 0.0639 R
a
1 = 0.0648
wRb2 = 0.00.0781 wR
c
2 = 0.1083 wR
d
2 = 0.0735
Ra1 =
∑ ||Fo| − |Fc||/∑ |Fo|; wRb,c,d2 = (∑([w(F 2o − F 2c )2]/∑[(F 2o )2])1/2, in which
wb = 1/[σ2(F 2o ) + (0.0614P )
2 + (13.0727P )]; wc = 1/[σ2(F 2o ) + (0.0620P )
2 + (21.19208P )] and
wd = 1/[σ2(F 2o ) + (0.0500P )
2 + (6.8276P )], P = (F 2o + 2F
2
c )/3
6.3.2 Structural Features
The compounds Gd6Br10(C2)2, Ho6Br10(C2)2 and Y6Br10(C2)2 are all isostruc-
tural, and their structure can be described as cubib closed-packing in which the
bromides form an ABC. . . pattern of layers. In this pattern, the interstitial dicar-
bide occupies one of the sites that would be otherwise occupied by a bromide, and
the rare earth atoms are located in octahedral holes (Figure 6.1). The structure
of these compounds features bioctahedra sharing an edge, and each octahedron is
stabilized by an interstitial dicarbide as shown in Figure 6.3. The bioctahedra are
interconnected via Bri−a and Bra−i as illustrated in Figure 6.2, and the edges of
the bioctahedral units are caped by Bri. Therefore, the compounds can be better
described as RE10(C2)2Br
i
12Br
i−a
6/2 Br
a−i
6/2 .
Selected distances are summarized in Table 6.4, and since the compounds are
isostructural and follow the same trends, only the Ho6Br10(C2)2 will be discussed.
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Bra−i
Bri
Bri−a
Figure 6.2: Interconnections among bioctahedral clusters in compounds having
the formula Ln10Br18(C2)2
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Figure 6.3: Bioctahedral cluster that comprises Ln10Br18(C2)2
The shortest Ho−Ho bond distance is 3.1606(6)A˚, and it is the shared edge by the two
bioctahedra. In average, the Ho−Ho bond distances of the basal Ho atoms, 3.4121A˚,
are shorter than the bond distances of the basal-apical Ho atoms, 3.7068A˚, and the
C(1)−Ho(1) bond distance is longer, 2.192(6)A˚, than the C(2)−Ho(5), 2.176(6)A˚,
which illustrates that the encapsulation of the dicarbide units causes an elongation
of the octahedron. As expected, the inner bromides have the shorter bond distances
with the lanthanides. In this case, the Ho(2)−Br(9)i bond distance, 2.8274(7)A˚, is
shorter when compared to the Ho(2)−Br(1)a−i bond distance, 3.0497(7)) A˚.
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Table 6.4: Selected interatomic distances (A˚)
Gd10Br18(C2)2 Ho10Br18(C2)2 Y10Br18(C2)2
Ln(1) - Ln(2) 3.6689(4) 3.6085(4) 3.6231(12)
Ln(1) - Ln(3) 3.8829(4) 3.7882(4) 3.8038(11)
Ln(1) - Ln(4) 3.8018(4) 3.7296(4) 3.7473(12)
Ln(2) - Ln(3) 3.5912(4) 3.5088(4) 3.5245(10)
Ln(2) - Ln(4) 3.5492(4) 3.4590(4) 3.4789(11)
Ln(2) - Ln(5) 3.8030(4) 3.7306(5) 3.7469(10)
Ln(3) - Ln(3′) 3.2187(6) 3.1606(6) 3.1768(14)
Ln(3′) - Ln(4) 3.6040(4) 3.5200(4) 3.5369(10)
Ln(3′) - Ln(5) 3.8544(4) 3.7730(4) 3.7876(12)
Ln(4) - Ln(5) 3.6779(4) 3.6112(4) 3.6252(10)
Ln(1) - C(1) 2.235(6) 2.192(6) 2.208(6)
Ln(5) - C(2) 2.226(6) 2.176(6) 2.195(6)
C(1) - C(2) 1.444(8) 1.455(8) 1.449(8)
Ln(1) - Br(1)i−a 2.9728(6) 2.9239(7) 2.9373(10)
Ln(2) - Br(1)a−i 3.1018(6) 3.0497(7) 3.0561(9)
Ln(1) - Br(9)i 2.7683(7) 2.7289(7) 2.7379(9)
Ln(2) - Br(9)i 2.8634(7) 2.8274(7) 2.8408(9)
Ln(1) - Br(4)i 2.8892(6) 2.8458(7) 2.8548(10)
6.3.3 Computational Studies
Although Y-based compounds are not expected to have significant magnetic prop-
erties, making theoretical studies on the Y-based compounds helps to gain insight in
the bonding structure without the convergence complications that arises when using
lanthanide with high-spin densities. The bonding in the Y-based clusters helps to
understand how the bonding influences the magnetic properties of lanthanide based
clusters, and the results obtained from the calculations performed on Y6Br10(C2)2
concord with calculations obtained for other dicarbides compounds.47,82
The formal electron count for this compound, , Gd+310 Br
–1
18(C2)
–6
2 · 0 e–, indicates
that it does not have electrons to go in the base d-orbitals of the cluster, and strong
ferromagnetic coupling among the lanthanide ions is not expected. In the Y-based
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(a) HOMO (b) LUMO
Figure 6.4: Frontier molecular orbitals of Y10Br18(C2)2
cluster, the C−C bond distance is 1.449(8)A˚, and this distance is shorter than ex-
pected because the pi∗ orbitals of the (C2)
6– mixes with the d-orbitals of the Y atoms
in the cluster as depicted in Figure 6.4a. With this mixing, the pi∗ electron den-
sity delocalizes into the d-orbitals of yttrium resulting in a shorter bond than the
expected bond distance of 1.54 A˚.
The density of states of carbon (Figure 6.5) from -0.5 Ha to 0.5 Ha indicates the
p-character of the bonding, and when looking at the density of states of yttrium in
the same range, it shows the d orbitals are the main contributors of the bonding.
This confirms that the character of the HOMO comes from the mixing of the pi∗
orbitals from carbon and the d-orbitals of yttrium. When looking at the DOS of
carbon in the range of 0.5 - 1.0 Ha, there is barely any contribution from the (C2)
6–;
however, the DOS of yttrium shows a large contribution of the d orbitals. The LUMO
(Figure 6.4b) has virtually pure d-character, which is also confirmed by the DOS of
Y, and a compound such as KGd10Br18(C2)2 would have the extra electron in the
LUMO giving a strong ferromagnetic coupling.
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Figure 6.5: Density of states for carbon
Figure 6.6: Density of states for yttrium
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6.3.4 Conclusion
In the attempts to obtain chains with magnetic properties, the encapsulation of
carbon as interstitial led to the discovery of three new compounds that adopt the
structure Gd10C4Cl18. The bromides of the smaller lanthanides, Gd - Er, show a
tendency to form bioctachedral compounds while the larger La atom form polymeric
compounds with edge sharing octahedra. The encapsulation of carbon often occurs as
dicarbides units causing an elongation of the lanthanide octahedron. Computational
studies demonstrates the HOMO has contributions from the pi∗ orbitals and d-orbitals
from yttrium, and the electron density delocalization of the pi∗ orbitals into the d-
based cluster orbitals results in a shortening of the C−C bond distance. It also shows
that additional electrons would occupy the LUMO, which is composed by d-orbitals
from the metal, in this case yttrium, and that it would result in strong ferromagnetic
coupling.
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7. NEW STRUCTURE IN THE ZIRCONIUM-IODIDE CLUSTER
COMPOUNDS
7.1 Introduction
Since the discovery that reduced zirconium clusters are stabilized by interstitial
atoms, an ample variety of new compounds and structures have been found. The
reduced zirconium halides are characterized by octahedra of zirconium encapsulating
an interstitial atom and have their vertices and edges capped by halogens. The bridg-
ing properties of the halogen ligands allow the zirconium octahedra to interconnect
and arrange in varying motifs.37 In addition, the intercalation of counterions, usually
alkali-metals, influence the electronic and structural configurations of the resulting
compounds.83 The reduced zirconium halides, with some exceptions,84,85 can be de-
scribed by the general formula Ax[Zr6ZX
i
12]X
a
n in which A is a cation from group 1
or 2, Xi are edge-capping halides, Xa are axial halides, 0 ≤ x, and n≤ 6. From the
halides, the chlorides and the bromides, to certain extent, have shown to be versatile
both with n = 0 - 6.86 However, for the iodides only compounds for which n = 0 and
2 have been reported.87–90 The present study reports the synthesis and the structure
of a unique compound in which n = 3 and the cation is the same as the interstitial
atom, Zr24Mn7I60. This novel compound is better described as [Zr6MnI12]4[MnI4]3,
and even though other compounds containing Zr, Nb, Hf or Tl crystallize in the
same space group,91–94 [Zr6MnI12]4[MnI4]3 has a structure not previously known, to
our knowledge, in the zirconium-iodide clusters.
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Figure 7.1: Coordination environment around the tetrahedral Mn. The pink
octahedra represents [Zr6Mn] and the purple atoms are iodines
7.2 Experimental
7.2.1 Synthesis
All reactions were done in Nb tubes, and the tubes were crimped and sealed
under Ar with an arc welder. The Nb tubes were then place inside silica ampoules,
which were sealed under vacuum. The ampoules were then place inside electric tube
furnaces and heated to the target temperature. The new reduced zirconium phase
was first discovered in a reaction ran at a temperature gradient of 750 - 950◦C for
10 days when stoichiometric amounts of Zr, ZrI4 and MnI2 were loaded to synthesize
Zr6MnI12. The heating profile for the optimization of the target compound was to
set the initial temperature to 100◦C, and then increase it to the target temperature,
ranging from 700 - 850◦C, at a rate of 16◦C/hr. The target temperature was sustained
during different reaction times, 7, 14 and 21 days; then it was allowed to cool to RT.
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Table 7.1: Data collection and refinement
Formula [Zr6MnI12]4[MnI4]3
Crys. Sys., Space group, Z Cubic, I4¯3d, 130
Temp (K) 110
Lattice param. (A˚) 23.1879(6)
Abs. coefficient (mm−1) 17.460
No. Reflection
Collected 348852
Independent 4926
R indexes [I> 2σ(I)] R1 = 0.0430
wR2 = 0.0867
R indexes (all data) R1 = 0.0685
wR2 = 0.0961
7.2.2 X-Ray Diffraction Studies
Single crystal X-Ray with a Bruker-AXS APEXII equipped with Three-Circle
D5000 Goniometer and CCD/Phosphor MoKα X-ray radiation (λ = 0.71073A˚) was
employed to collect data and elucidate the structures of the compound synthesized,
[Zr6MnI12]4[MnI4]3. A black cubic crystal of the compound with dimension 0.097
x 0.107 x 0.110 mm was mounted on a nylon loop utilizing Apeizon N grease and
placed under N2 stream at 110 K for data collection. Indexing and data integration
were carried out using APEX2 Software Suite of programs.64 The program SADABS
was utilized for absorption corrections,65 and for structure elucidation, OLEX2 ver-
sion 1.2.5 software66 was used as the interface to SHELXS to solve the structures
with Direct Methods and to SHELXL to refine the structures with the Least-Squares
method.67 Data collection and refinement data are given in Table 7.1. Phase identifi-
cations were made with a D8 Advanced Bragg-Brentano X-ray Powder Diffractometer
with Cu X-ray Radiation (λ = 1.54184 A˚).
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Table 7.2: Fractional atomic coordinates (x104) and equivalent isotropic
displacement parameters (A˚2x103)
Atom
Wyckoff
Symbol
x y z U(eq)
Zr(1) 24d -6671.1(2) -4391.7(3) 615.2(3) 6.35(12)
Zr(2) 24d -4536.1(3) -4391.2(3) 615.7(3) 6.03(12)
I(1) 48e -4356.3(2) -6884.9(2) -647.4(2) 9.30(13)
I(2) 48e -5649.6(2) -6798.5(2) 581.4(2) 11.14(11)
I(3) 48e -3124.6(2) -6883.9(2) 613.4(2) 9.35(11)
I(4) 48e -3115.4(2) -8119.0(2) -643.1(2) 8.54(12)
I(5) 48e -4378.5(2) -5628.8(2) 622.3(2) 8.73(11)
Mn(1) 16c -5612.7(5) -4387.3(5) 612.7(5) 6.6(3)
Mn(2) 12b -5000 -7500 1250 9.6(4)
Ueq = (8pi
2/3)
∑
i
∑
j Uijai ∗ aj ∗ ~ai~aj
7.2.3 Magnetic Measurements
Magnetic susceptibility measurements were performed on a polycrystalline sample
of the compound [Zr6MnI12]4[MnI4]3 using a Quantum Design SQUID magnetometer
MPMS-3. Magnetic measurement were performed in a temperature range of 2 - 300
K applying different magnetic fields, 0.2, 1, 2, 3, 4 and 5 Tesla. The data obtained
was then corrected for the sample holder contributions after the measurements.
7.3 Results and Discussion
7.3.1 Synthesis
The new reduced zirconium phase was first discovered in a reaction ran at a
temperature gradient of 750 - 950◦C for 10 days when stoichiometric amounts of the
reactants were loaded for the nominal composition of Zr6MnI12. The reaction yielded
lustrous black crystals with cubic shape that were collected near the cold end. It
was found out that the the target compound, [Zr6MnI12]4[MnI4]3, is favored as the
main phase when stoichiometric amounts of Zr, ZrI4 and MnI2 are reacted in sealed
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Nb tubes for 14 days at 800◦C with ZrI3 as byproduct. At the lower temperatures
of 700 and 750 ◦C, the target compound is also present as the predominant phase,
but the amount of ZrI3 moderately increases. At the higher temperature of 850
◦C,
the target compound is also formed, but ZrI3 is the main phase formed. After
determing the optimum temperature and times, three different reactions were run in
attempts to improve the yield of the target compound using excess Zr, excess MnI2
and then excess of both Zr and MnI2. When using about 15% excess of Zr, the target
compound is formed, but it also increases the amount of ZrI3. Then, using about
20% excess of MnI2 did not yield better results; however, compared to using excess
Zr, the impurity ZrI3 was present in a lower concentration. Lastly, using an excess
of both Zr and MnI2 did not yield better results than using stoichiometric amounts,
but the amount of ZrI3 decreased when compared to the reactions using excess Zr
and excess MnI2 separately.
7.3.2 Structure
The new phase was first discovered when synthesizing the compound Zr6MnI12;
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however, only the unit cell and space group were determined because the crystals
showed characteristics of merohedral twinning: reflections could be indexed but not
a plausible structure was obtained. Using the twinning tool of the program Olex2,66
an appropriate twin law (Figure 7.2) was found and used for the refinement of the
structure. In order to confirm the twin law obtained, the structure was again solved
using Cell Now95 and Twinabs,96 and the same structure was obtained. This twin law
applies a rotation operation that sends h to -h and exchanges k and l. This rotation
operations changes if any of the two other applicable equivalent twin laws are utilized.
The reflection condition for the space group I4¯3d are hkl: h+k+l=2n, 0kl: k+l=2n,
hhl: 2h+l=4n and h00: h=4n (h,k and l are cyclically permutable). Looking at the
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Figure 7.2: Twin law
reflections in the 0kl plane, the intensities of the two domains overlap because the
twin rotation interchanges k and l. When the twin operation is applied, some of
the iodides end up in the place of the interstitial manganese. The refinement of the
structure using the twin law did not resolve a residual peak (7.06 e–/A˚) at 2.89 A˚ from
the I(5), and the ratio of the twin components after refinement is 0.52(5):0.48(5).
The position at which the residual peak is located in the structure corresponds to the
12a sites of the structure; therefore, this indicates that in the other crystal domain
the tetrahedral Mn occupies the 12a sites.
The structure can be described as cubic closed-packing in which the iodides form
an ABC. . . pattern of layers; in this pattern, the interstitial manganese occupies one
of the sites that would be otherwise occupied by an iodide. The zirconium atoms are
located in octahedral holes while the other manganese atoms are located in tetra-
hedral holes. This structure features octahedral clusters of zirconium encapsulating
Mn atoms in which each cluster is connected to other three clusters via Ia–i and
Ii–a and linked to three Mn-tetrahedra through Ia, as shown in Figure 7.3. In the
context of coordination chemistry, the zirconium cluster can be regarded as a fac
octahedron because each of the zirconium atoms that conform one of the triangular
faces are bonding to one Ia while the other zirconium atoms are bonding to Ia–i. The
coordination environment of the Mn tetrahedra is formed by Ia from four zirconium
clusters as shown in Figure 7.1; therefore, the cluster connectivity in this structure
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Figure 7.3: Only the Ia–i, Ii–a and Ia of the central cluster are shown for clarity.
The Zr atoms are depicted as orange, Mn as pink, and I as purple.
Ia−i
Ia
Ii−a
can be described as [Zr6MnI
i
9I
a–i
3/2I
i–a
3/2I
a
3/2]4[MnI
a
4/2]3.
Selected distances of the compound are summarized in Table 7.3. The three
Zr−Ia bond distances of the clusters are of equal length, 3.0962(7) A˚, and the
Zr−Ia–i bond distances are virtually the same at 3.344 A˚. When compared the
Zr−Ia–adistances, 3.133(1)A˚, found in the cluster CsZr6MnI14,87 the Zr−Ia bond
distances in [Zr6MnI12]4[MnI4]3 are slightly shorter. A possible explanations is that
the Ia is not shared between two clusters and results in a stronger bonding. This
stronger bonding effect is also expressed in the Mn−Zr bond distances, for the in-
terstitial Mn moves closer to the triangular face of the Zr atoms that are trans to
those bonding to Ia. The resulting Mn−Zr bond distances are 2.454 A˚ and 2.496 A˚,
and, in turn, this displacement of Mn or trans effect causes one the triangular faces
to be more compact than the other. The triangular face formed by Zr−Ia has almost
the same Zr−Zr bond distances at 3.529 A˚, and the other one formed by Zr−Ia–i has
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Figure 7.4: Zirconium cluster and tetrahedral manganese with atomic labels
I2
I214
I213
I215
Mn2
I3
Mn1
Zr1
Zr15 Zr16
Zr2
Zr25
Zr26
I4
I5
Table 7.3: Selected interatomic distances (A˚) and angles (◦)
Zr(1) - Mn(1) 2.4544(12) Mn(2) - I(2) 2.7051(5)
Zr(1)5 - Mn(1) 2.4543(12) Mn(2) - I(2)13 2.7051(5)
Zr(1)6 - Mn(1) 2.4543(12) Mn(2) - I(2)14 2.7051(6)
Zr(2) - Mn(1) 2.4964(13) Mn(2) - I(2)15 2.7051(6)
Zr(2)5 - Mn(1) 2.4963(13)
Zr(2)6 - Mn(1) 2.4963(13) Angles:
Zr(1) - I(4) 2.8783(7) I(2) - Mn(2) - I(2)15 109.170(11)
Zr(2)6 - I(4) 2.9006(8) I(2) - Mn(2) - I(2)14 110.07(2)
Zr(2) - I(5) 2.8929(7) I(2) - Mn(2) - I(2)13 109.174(11)
Zr(2)6 - I(5) 2.8929(8) I(2)14 - Mn(2) - I(2)13 109.172(11)
Zr(1) - I(3) 3.3444(7) I(2)14 - Mn(2) - I(2)15 109.172(11)
Zr(2)6 - I(2) 3.0962(7) I(2)15 - Mn(2) - I(2)13 110.07(2)
5-1/2-Z,-1-X,1/2+Y; 6-1-Y,-1/2+Z,-1/2-X;131/4+Y,-5/4-X,1/4-Z; 14-5/4-Y,-1/4+X,1/4-Z;
15-1-X,-3/2-Y,+Z
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also exact Zr−Zr bond distances at 3.470 A˚. When the Mn moves closer to one of
the faces, it will tend to donate more electrons to the atoms conforming that face,
so the resulting Zr−Zr bonds will be shorter as seen in this particular case. The
distances Mn−I distances in the [MnI4]–2 unit are all equal at 2.7051 A˚, and the two
different angles of I−Mn−I, 109.172◦and 110.07◦, are very close to those of an ideal
tetrahedron, 109.5A˚.
7.3.3 Magnetic Susceptibility
When refining the structure of [Zr6MnI12]4[MnI4]3, another atom that could oc-
cupy the tetrahedral sites was Zr+4 instead of Mn+2. However, when assigning Zr
to the atoms in the tetrahedral cavities, the R-factor obtained in the refinement was
5.64% which is higher than the one obtained with Mn, 4.3%, but to eliminate any
ambiguity, magnetic measurements were performed. If the compound had Zr in the
tetrahedral sites, very weak magnetic susceptibility, originated only from the clus-
ters, is expected.87 Conversely, if the tetrahedral sites are occupied by Mn+2 ions as
described in the structure, a different magnetic behavior is expected because of the
three Mn+2 ions per mole of [Zr6MnI12]4[MnI4]3.
The first indication that the tetrahedral sites are occupied by Mn+2 ions is the
increase of the magnetic susceptibility at 5 K observed in Figure 7.5. Then, the
Curie value obtained from fitting the data at high temperature, 290 - 150 K, is 13.35
emu/mol*K (Figure 7.6), which is very close to the value expected for three Mn+2
ions, 13.12 emu/mol*K. Since the sites are occupied by Mn+2 ions, this generates
other implications in the electronic structure of the clusters.
7.3.4 Electronic Structure
Another unique feature of this compound is the presence of clusters with dif-
ferent electronic structure. In order to achieve electroneutrality, the clusters must
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Figure 7.5: Magnetic susceptibility of [Zr6MnI12]4[MnI4]3 at 1T
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Figure 7.6: Curie constant fit for [Zr6MnI12]4[MnI4]3 at high temperature
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Figure 7.7: MO diagram of [Zr6MnI12]
+
have a positive charge. Because the magnetic measurements concord with the crys-
tallographic data, the charge of the unit [MnI4] is expected to be −2, and as it
has been previously discussed,37,74,75 this kind of compounds require 18 e– to fill
the bonding orbitals of the cluster with the configuration a21gt
6
2ge
4
gt
6
1u. By remov-
ing 1e– in the cluster [Zr6MnI12], the cluster achieves 18e
– and hence a +1 charge
(Figure 7.7). However, if all the cluster were +1, the net charge of this compound,
[Zr6MnI12]4[MnI4]3, would be −2, so in order to achieve electroneutrality, half of the
clusters must have a +2 charge with the HOMO being t51u.
7.4 Conclusions
This new cluster compound has very unique features. [Zr6MnI12]4[MnI4]3 pos-
sesses Mn in two different environments, as interstitial atoms and in tetrahedral
cavities, and to our knowledge, including the lanthanide42 and the zirconium clus-
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ter compounds already reported, this is the only reduced cluster in which the same
atom is found as the interstitial atom and as a cation in the same structure. The Zr
cluster can be considered as a fac octahedron having one triangular face connected
to three [MnI4] units and the other one to three neighboring clusters. Up to now,
zirconium iodide clusters having zero or two axial iodides, Ian in which n = 0 and 2,
had been reported, but the unique compound discussed in this chapter is the only
zirconium iodide with three axial iodides, Ia3. In addition to the structural features,
this compound has a mixture of 18e– and 17e– clusters and an increase of the mag-
netic susceptiblity at 5 K. The combination of structural, magnetic and electronic
features of this new cluster compound is without precedents.
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8. IN SILICO STUDIES OF A DINUCLEAR LANTHANIDE COMPLEX AND
STRUCTURE OPTIMIZATION OF A ZIRCONIUM CLUSTER
8.1 Introduction
In silico chemistry has become a helpful tool to understand the bonding and
the magnetic properties of compounds. In the design of new compounds possess-
ing magnetic properties, the lanthanides have played a central role.16,31,32,97–99 With
the help of computational methods, the energy of different spin patterns of com-
plexes containing lanthanide ions can be calculated and the frontier orbitals can be
obtained. In this chapter, three different spin pattern of a dinuclear gadolinium
complex bridged by a diazenido radical (Figure 8.1) and the HOMO orbitals were
obtained. In addition, the structure of a zirconium cluster was optimized parting
from a known structure and using experimental lattice parameters.
Figure 8.1: [[(Me3Si)2N ]2(THF )2Gd2(N
3−
2 )]
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8.2 Computational Details
8.2.1 Studies on a Dinuclear Gadolinium Complex Bridged by a Di-
azenido
All the electronic calculations were performed using DMol3 within Material Stu-
dio suite of programs using density functional theory (DFT) on the compound
[[(Me3Si)2N ]2(THF )2Gd2(N
3−
2 )] reported by Rinehart et al.
100 The Becke exchange80
and the Lee-Yang-Parr correlation81 functionals (BLYP) with relativistic effective
core potentials (ECP) and with the double numerical basis including d-polarization
functions (DNP) were employed. The atomic coordinates from the crystal structure
were utilized. The energy convergence was set to 10−6 a.u., and a grid of 12 k-points
was used to calculate the density of states energies, HOMO and HOMO-1. The phe-
nomenon produced by the interaction of two paramagnetic centers can be described
using the Heisenberg-Dirac-Van Vleck (HDVV) spin Hamiltonian.101,102
Hˆ = −JijSˆiSˆJ (8.1)
However, for the magnetic unit [Gd2(N2)
3–], the radical interaction with the two
Gd atoms needs to be considered, and since Gd does not have effects of spin-orbit
coupling the Hamiltonian is expressed in the following equation:
Hˆ = −2JijSˆrad.(Sˆi + SˆJ)− 2J ′ijSˆi.Sˆj (8.2)
Since the orientation of the local magnetic anisotropy centers are considered par-
allel,103–105 and using the spin-projected approach the following equation can be
utilized to calculate the value of Jij:
106–109
99
Jij =
ELS − EHS
4(SGd + 1/2)
(8.3)
8.2.2 Structure Optimization of Zr6MnI12
DMol3, within the suite of programs of Material Studio, was employed to per-
form structure optimization of the compound Zr6MnI12 using density functional the-
ory (DFT). The Becke exchange80 and the Lee-Yang-Parr correlation81 functionals
(BLYP) with relativistic effective core potentials (ECP) and with the double nu-
merical basis including d-polarization functions (DNP) were employed. The atomic
coordinates from the crystal structure of Zr6BI12 were utilized, and the lattice param-
eter were set to the ones obtained experimentally from the X-Ray powder pattern.87
The energy convergence was set to 10−6 a.u., and the optimization energy conver-
gence was set to 10−5 a.u. A grid of 12 k-points were used to calculate the HOMO
and LUMO.
8.3 Results and Discussions
8.3.1 Studies on a Digadolinum Complex Bridged by a Diazenido
Unexpectedly, from the three spin patterns calculated, the ST = 13/2 had the
lowest energy, followed by ST = 1/2, and ST = 15/2 had the highest energy. This
unexpected result can be explained by observing the molecular orbital interaction
between N2
3– anion and the two Gd3+ ions. Two sets of pi∗ orbitals of the diazenido
ligand are involved in the bridging of the two Gd atoms. One of pi∗ orbitals is
in the plane that contains the two Gd3+ ions and the ligand, and the other pi∗
orbital is orthogonal to the plane. In the three spin pattern calculated, the in-plane
pi∗ orbital has the right symmetry to mix with the dxy orbitals of the Gd atoms
(Figure 8.2b, Figure 8.3b and Figure 8.4b), and it would be expected that the out-
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of-plane pi∗ orbital would mix with the dyz orbitals, which would favor the high spin
configuration.110 However, the out-of-plane pi∗ orbital mixes with one of the f-orbitals,
which is not expected to participate in any bonding due to being very contracted.
Table 8.1: Calculated total spin populations
ST 1/2 13/2 15/2
Gd(1) -6.700 6.782 6.932
Gd(2) 6.873 6.782 6.932
N(1) 0.408 -0.255 0.563
N(2) 0.390 -0.255 0.563
The involvement of the f-orbitals in the bonding helps to explain the magnetic
properties of this complex, and the total spins populations obtained summarized in
Table 8.1. For the spin pattern 13/2, the total spin densities for both Gd3+ ions is
6.782, which is lower that the expected 7, and the spin density of both N atom of the
diazenido ligand is -0.255. The discrepancy observed is due to the diazenido ligand
partially transferring the electrondensity of the radical to the f-orbitals of the Gd3+
as observed in Figure 8.2a. The signs of the spin population being positive for the
Gd3+ ions and negative for the diazenido ligand confirm the favored antiferromagnetic
coupling. Since the the f-orbitals are involved in the bonding and they are fully
occupied, f7, the electron from the ligand has be of the opposite spin.
For the following spin patter 1/2, the spin density for Gd(1) is -6.700 and for
Gd(2) is 6.873. The spin densities for N(1) and N(2) are 0.408 and 0.390, respectively.
Once again, the involvement of the f-orbitals in the bonding is evident in this spin
pattern. As shown in Figure 8.3a, the diazenido ligands molecular orbitals overlaps
only with one of the Gd3+ ions. In this case the unpaired electron of the ligand
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(a) HOMO (b) HOMO-1
Figure 8.2: Molecular orbitals for S = 13/2
has a +1/2 spin, and it interacts only with the Gd having -7/2. Even though the
spin populations of both Gd3+ ions are less than the expected, Gd(1) shows a larger
discrepancy because of partial transfer of the electron density from the ligand.
Lastly, the spin pattern 15/2 shows the highest energy, and the spin densities
calculated for both Gd3+ ions is 6.932. The spin for each of the N atoms of the
diazenido ligand is 0.563. In this case, the spin population calculated for the Gd3+
ions is very close to the expected value of 7, so this indicates that there is not much
interaction between the ligand and the Gd3+ ions. As seen in Figure 8.4a, the out-
of-plane pi∗ orbital has very little interaction with the f-orbitals; hence, there is not a
stabilization of the unpaired electron of the diazenido ligand, resulting in the highest
energy spin state. With the difference in energies of the lowest and highest spin
patters and using Eq. 8.3, the calculated value for the exchange integral is 56.2 cm−1,
which is almost twice the experimental value of 27 cm−1.100 Since the nature of this
study was purely academic in understanding the lowest energy spin pattern, there
were not any further studies or attempts to obtain a better value for the exchange
integral. If a better value was to be calculated, a finer grid and a different basis set
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(a) HOMO (b) HOMO-1
Figure 8.3: Molecular orbitals for S = 1/2
(a) HOMO (b) HOMO-1
Figure 8.4: Molecular orbitals for S = 15/2
103
Ia−i
Zr1
Zr1
Zr2
Zr2
Ii−a
Figure 8.5: View of Zr6MnI12 through the b-axis
for the energy calculations could improve the accuracy of the different spin patterns
energies.
8.3.2 Structure Optimization of Zr6MnI12
Because the structure of Zr6MnI12 has not been obtained experimentally yet, the
resulting distances are compared to the distances of the octahedron [Zr6MnI12] of
the compound [Zr6MnI12]4[MnI4]3 to assess the validity of the structure obtained.
The bond distances are summarized in Table 8.2. The Zr−Mn bond distances in the
optimized structure, 2.460 A˚, is very close to the average Zr−Mn distances, 2.475
A˚, in the reference compound, [Zr6MnI12]4[MnI4]3. The Zr(1)-Zr(1) distances and
the Zr(1)-Zr(2) distances, 3.444 and 3.513 A˚, respectively, are also very similar to
those obtained for the reference compound, 3.470 and 3.529 A˚. From comparing the
distances of the optimized Zr6MnI12 to the distances of the octahedron [Zr6MnI12], it
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Table 8.2: Selected interatomic distances (A˚)
Zr6MnI12 [Zr6MnI12]4[MnI4]3
Zr - Mn 2.460 2.475
Zr(1) - Zr(1) 3.444 3.470
Zr(1) - Zr(2) 3.513 3.529
Zr - Ii−a 2.994 2.992
Zr - Ia−i 3.301 3.344
can be assessed that the structure obtained by optimization is a reasonable approx-
imation to what would be expected if the structure was obtained experimentally;
however, the structure optimization using the basis set BLYP tends to give longer
bond distances.111–116
From the optimized structure, the frontier molecular orbitals were obtained for
Zr6MnI12, depicted in Figure 8.6. This compound is expected to have one unpaired
electron because the electron count for this cluster gives 19e– (6x4 + 7 - 12 = 19).
As it was previously stated, this kind of compounds require 18e– to be a closed shell
cluster. The unpaired electron will be located in a triple degenerated T*2g molecular
orbital or the HOMO as shown in Figure 8.6a. The next molecular orbital is the
LUMO (Figure 8.6b) which has a2u symmetry.
8.4 Conclusion
Computational methods are a useful tool that can help to understand the prop-
erties and the bonding in compounds obtained experimentally. In this case, three
different spin pattern for a dinuclear gadolinium complex were performed, and it was
determined that the f-orbitals of Gd participates in the bonding with the diazenido
ligand. This involvement of the f-orbitals leads to understand why the spin pattern
13/2 is the lowest in energy. In addition, the structure of Zr6MnI12 has not been
obtained experimentally, but using computational methods, a reasonable structure
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(a) HOMO (b) LUMO
Figure 8.6: Frontier molecular orbitals for Zr6MnI12
was obtained and able to determine the frontier orbitals for this compound.
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9. CONCLUSIONS
The lanthanides have become an essential part in the synthesis of molecular
magnets, and in this studies, the lanthanides have been utilized to form trinuclear
lanthanide complexes supported by TDCI (1,3,5-tris(dimethylamino)-1,3,5-trideoxy-
cis-inositol), [Ln3(TDCI)2(H2O)6]
3+, and reduced lanthanide clusters stabilized by
interstitial atoms.
In the trinuclear lanthanide complexes, the lanthanide ions are located at the
vertices of a triangle, and the ligand TDCI coordinates above and below the plane
of the triangle. The ligand TDCI also serves as blocking ligand, helping to control
the coordination sites available for the linkers to coordinate, and ligand displace-
ment reactions occur at the vertices of the triangle. The strategy was to utilize the
cyano groups of the metallocyanates to displace the labile water of the trinuclear
complexes and to induce structural changes by varying the molecular shape of the
metallocyanates. However, not only did the molecular shape of the linkers induce
structural changes, but also the identity of the central atom in the metallocyanates.
The combination of trinuclear lanthanide complexes and metallocyanates resulted in
four new families of compounds.
One of the families compounds was obtained when using [Cr(CN)6]
3– as linker.
Three isostructural compounds were obtained when the trinuclear complex had the
lanthanide Gd, Tb and Dy. This family of compounds feature 1-D chains of al-
ternating units of the trinuclear complexes, and the linker [Cr(CN)6]
3– bridges two
trinuclear lanthanide complexes through two cis cyanido groups.
In spite of the close similarity between [Fe(CN)6]
3– and [Cr(CN)6]
3–, the linker
[Fe(CN)6]
3– resulted in a family of five new compounds when the trinuclear complexes
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had the lanthanide Gd - Er. This family of compounds comprises 2D-networks in
which the [Fe(CN)6]
3– bridges three trinuclear lanthanide complexes and vice versa.
In the chemical context described here, the [Fe(CN)6]
3– resulted to be a more versatile
linker.
Another family of compound was discovered when the linker [Co(CN)6]
3– was
combined with the trinuclear complexes having Ho, Er and Y atoms. The resulting
compounds consist also of 1-D chains of alternating linker molecules and trinuclear
lanthanide complex units; however, the [Co(CN)6]
3– has a torsion angle and is not
exactly coplanar to the trinuclear lanthanide complex.
In addition to the different structures observed when using hexacyanometallates
as linkers, within each family of compounds, the identity of the lanthanide in the
trinuclear cluster had an effect on the compounds obtained. For example, with the
linker [Co(CN)6]
3–, crystalline compounds were synthesized only when the trinuclear
complexes had the lanthanide ions Ho3+, Er3+ and Y3+. Conversely, [Cr(CN)6]
3–
produced crystals only when the trinuclear complex had the lanthanide ions Gd3+,
Tb3+ and Dy3+.
Also from the family of metallocyanates, square planar and tetrahedral tetra-
cyanometallates were explored. The tetrahedral K2[Zn(CN)4] did not formed any
crystals; contrary, square planar K2[M(CN)4] (M = Ni, Pd and Pt) produced isostruc-
tural compounds. [Ln3(TDCI)2(H2O)4]2[M(CN)4]3 features co-oligomers formed by
three linker molecules and two trinuclear lanthanide complex units. [M(CN)4]
2–
bonds to the trinuclear lanthanide complexes in two different motifs, as terminal,
which is coplanar to the trinuclear lanthanide complexes, and as bridging linker,
which has a torsion angle with respect of the trinuclear lanthanide complexes.
In all of the structures formed using the trinuclear lanthanide complexes and
metallocyanates, water and hydrogen bonding play a crucial role in the crystallization
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and structure stabilization in the four families of compounds. Crystal solvation is
even more pronounced in the tetracyanometallates; molecules of water, ethanol and
acetonitrile are hydrogen bonded to the co-oligomers.
Besides utilizing lanthanides in the synthesis of coordination network featuring
trinuclear lanthanide clusters, the lanthanides were also employed in the solid-state
synthesis of reduced lanthanide clusters. The exploratory synthesis of reduced lan-
thanide bromides encapsulating the transition metals Co and Ni yielded four isostruc-
tural compounds Ln6Br10Co (Ln = Gd, Tb and Er) and Tb6Br10Ni that adopt the
form Y6I10Ru.
41 Taking advantage that the four compounds are isostructural, mag-
netic susceptibility studies were performed in order to gain some insight on the effect
that varying the lanthanide and the interstitial atom has on their magnetic prop-
erties. As it has been previously described, the magnetic properties in this kind of
compounds results from the intracluster and intercluster ferromagnetic coupling.75
In the family of compounds Ln6Br10Co (Ln = Gd, Tb and Er) with 17 e
– per
cluster, the intracluster ferromagnetic coupling of the individual 4f spins of the lan-
thanides arises due to the delocalization of one unpaired e– among the Ln−Ln bonds.
From the three compounds, Gd6Br10Co and Tb6Br10Co show strong intracluster fer-
romagnetic coupling while the compound Er6Br10Co had the weakest coupling at
high temperatures. However, the three compounds showed that at low tempera-
ture the intercluster antiferromagnetic coupling predominates.75 In the closed-shelled
Tb6Br10Ni with 18 e
– per cluster, intracluster and intercluster antiferromagnetic cou-
pling were predominant.
The encapsulation of C using lanthanide bromides yielded to three new com-
pounds, Ln10Br18(C2)2 (Ln = Gd, Ho and Y), that adopt the Gd10C4Cl18 structure.
47
The smaller lanthanides, Gd - Er, show a tendency to form bioctachedral compounds
while the larger La atom form 1D-chain compounds with edge sharing octahedra.
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The formal electron count for this kind of compounds, Ln+310 Br
–1
18(C2)
–6
2 ·0 e–, indicates
that it does not have electrons delocalized in the Ln−Ln bonds of the cluster, and
strong intracluster ferromagnetic coupling of the 4f spins of the lanthanides is not
expected.
The exploration of the reduced zirconium compounds was limited to synthesizing
and to solving the structure of a new phase that was first discovered when syn-
thesizing the target compound Zr6MnI12.
87 The composition of the new phase was
determined to be [Zr6MnI12]4[MnI4]3. This new compound possesses Mn in two dif-
ferent environments, as interstitial atoms and in tetrahedral cavities, and it is the
only zirconium iodide with three axial iodides, Ia3. In addition to the structural
features, this compound has a mixture of 18e– and 17e– clusters and an increase
of the magnetic susceptiblity at 5 K. The combination of structural, magnetic and
electronic features of this new cluster compound is without precedents.
In silico chemistry has become a very useful tool that helps to understand the
bonding and the magnetic behavior of compounds. For example, electronic calcula-
tions using DFT were performed on Ln10Br18(C2)2 to obtained the frontier molecular
orbitals. The calculations revealed that the HOMO has contributions from the pi∗
orbitals and d-orbitals from yttrium and that the electron density of the pi∗ orbitals is
delocalized into the d-based cluster orbitals, which explains the observed shortening
of the C−C bond distance.
Additionally, the energy calculation of three different spin patterns of the com-
plex [[(Me3Si)2N ]2(THF )2Gd2(N
3−
2 )] reported by Rinehart et al
100 and its fron-
tier orbitals were obtained using DFT. From the three spin patterns calculated,
ST = 13/2 had the lowest energy, followed by ST = 1/2, and the highest energy was
for ST = 15/2. This unexpected pattern of the energies originates because the 4f or-
bitals of the Gd atoms mixes with one of the pi∗ orbital of the diazenido ligand, which
110
was observed when plotting the HOMO of the complex. Moreover, the structure of
Zr6MnI12 has not been obtained experimentally, but using computational methods,
a reasonable structure was obtained and able to determine the frontier orbitals for
this compound.
In our studies, the lanthanides have proven to be very versatile in the synthesis of
new structures, and couple with their magnetic properties, they offer a rich field to
obtain potential SMM and SCM. In addition, modern computational algorithms have
been useful to gain a better understanding of the bonding and magnetic properties
of compounds containing lanthanides.
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APPENDIX A
NMR SPECTRA OF TDCI AND ITS PRECURSORS
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Figure A.1: H1 NMR of trisodium tris[(p-sulfonatophenyl)azo]phloroglucinol in
d6−DMSO
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Figure A.2: H1 NMR of crude TACI · 1.5H2SO4 in D2O
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Figure A.3: C13 NMR of crude TACI · 1.5H2SO4 in D2O
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Figure A.4: H1 NMR of purified TACI · 1.5H2SO4 in D2O
124
St
d 
Ca
rb
on
 e
xp
er
im
en
t
e
x
p
1 
 C
ar
bo
n
 
 
 
 
 
 
SA
MP
LE
  
  
  
  
  
  
 S
PE
CI
AL
da
te
  
 N
ov
  
2 
20
15
  
te
mp
  
  
  
no
t 
us
ed
s
o
lv
en
t 
  
  
  
 D
2O
  
ga
in
  
  
  
  
  
  
20
fi
le
 /
ho
me
/h
ug
hb
an
~ 
sp
in
  
  
  
no
t 
us
ed
ks
/f
es
co
be
d/
vn
mr
sy
~ 
hs
t 
  
  
  
  
 0
.0
08
s
/d
at
a/
ta
ci
R3
C.
fi
d 
 p
w9
0 
  
  
  
  
9.
60
0
 
 
 
A
C
QU
IS
IT
IO
N 
  
  
 a
lf
a 
  
  
  
 1
0.
00
0
s
w
 
 
 
 
 
 
 
 
 
18
08
3.
2 
  
  
  
 F
LA
GS
a
t
 
 
 
 
 
 
 
 
 
 
 
1.
30
0 
 i
l 
  
  
  
  
  
  
  
n
n
p
 
 
 
 
 
 
 
 
 
 
 
47
03
4 
 i
n 
  
  
  
  
  
  
  
n
fb
  
  
  
  
  
 1
00
00
  
dp
  
  
  
  
  
  
  
 y
bs
  
  
  
  
  
  
  
64
  
hs
  
  
  
  
  
  
  
nn
d1
  
  
  
  
  
 1
.0
00
  
  
  
PR
OC
ES
SI
NG
n
t
 
 
 
 
 
 
 
 
 
 
 
 
 
40
0 
 l
b 
  
  
  
  
  
 0
.5
0
c
t
 
 
 
 
 
 
 
 
 
 
 
 
 
40
0 
 f
n 
  
  
  
 n
ot
 u
se
d
 
 
 
T
R
A
N
SM
IT
TE
R 
  
  
  
  
  
DI
SP
LA
Y
t
n
 
 
 
 
 
 
 
 
 
 
 
 
 
C
13
  
sp
  
  
  
  
 -
11
22
.6
s
fr
q 
  
  
  
 7
5.
42
2 
 w
p 
  
  
  
  
18
08
2.
6
t
o
f 
  
  
  
  
 7
71
.4
  
rf
l 
  
  
  
  
11
23
.2
t
p
w
r
 
 
 
 
 
 
 
 
 
 
 
 
55
  
rf
p 
  
  
  
  
  
  
 0
p
w
 
 
 
 
 
 
 
 
 
 
 
4.
80
0 
 r
p 
  
  
  
  
  
13
0.
2
 
 
 
 
D
E
C
O
U
P
L
E
R
 
 
 
 
 
 
 
lp
  
  
  
  
  
-1
30
.2
dn
  
  
  
  
  
  
  
H1
  
  
  
  
 P
LO
T
do
f 
  
  
  
  
  
  
 0
  
wc
  
  
  
  
  
  
 2
50
dm
  
  
  
  
  
  
 y
yy
  
sc
  
  
  
  
  
  
  
 0
dm
m 
  
  
  
  
  
  
 w
  
vs
  
  
  
  
  
  
10
35
dp
wr
  
  
  
  
  
  
37
  
th
  
  
  
  
  
  
  
 8
dm
f 
  
  
  
  
  
64
00
  
ai
  
cd
c 
 p
h 
 
65.623
50.403
p
p
m
0
20
40
60
80
10
0
12
0
14
0
16
0
18
0
20
0
22
0
Figure A.5: C13 NMR of purified TACI · 1.5H2SO4 in D2O
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Figure A.6: H1 NMR of TDCI · 1.5H2SO4 in D2O
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Figure A.7: C13 NMR of TDCI · 1.5H2SO4 in D2O
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Figure A.8: H1 NMR of TDCI in CDCl3
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Figure A.9: C13 NMR of TDCI in D2O
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APPENDIX B
NEW STRUCTURES CONTAINING TRINUCLEAR LANTHANIDE
CLUSTERS AND HEXACYANOMETALLATES
130
(a) Vial with a reaction (b) Crystals of
[Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4]
(c) Crystals of
[Ln3(TDCI)2(H2O)3(µ−CN)3Fe(CN)4]
Figure B.1: Sample vials
131
Table B.1: Selected angles (◦) in [Ln3(TDCI)2(H2O)4(µ−CN)2Cr(CN)4]
Ln Gd Tb Dy
Ln(1) - Ln(1) - Ln(2) 60.627(16) 60.535(12) 60.58(3)
Ln(1) - Ln(2) - Ln(1) 58.75(3) 58.93(3) 58.84(7)
Ln(1) - N(1)- C(1) 146.5(6) 147.1(6) 147.4(4)
O(1) - Ln(1) - Ln(1) 96.03(13) 95.93(13) 95.79(8)
O(1) - Ln(1) - N(1) 78.6(2) 77.8(2) 77.58(14)
O(4) - Ln(2) - O(4) 84.4(4) 86.6(5) 85.3(4)
Ln(1) - O(2) - Ln(1) 105.22(19) 105.34(18) 105.35(13)
Ln(2) - O(3) - Ln(1) 105.25(13) 105.04(13) 105.05(10)
C(1) - Cr(1) - C(1) 93.4(4) 91.0(4) 91.8(3)
C(1) - Cr(1) - C(3) 87.3(3) 88.8(3) 88.2(2)
C(3) - Cr(1) - C(3) 92.0(4) 91.3(4) 91.8(3)
C(1) - Cr(1) - C(2) 88.42(16) 87.74(16) 87.92(11)
N(4) - Ln(1) - N(4) 148.43(19) 148.79(18) 148.29(12)
N(5) - Ln(2) -N(5) 148.7(3) 148.4(3) 148.3(2)
Cr(1) - C(1) - N(1) 175.5(6) 174.7(7) 175.2(4)
Cr(1) - C(2) - N(2) 175.7(8) 175.4(7) 175.1(5)
Cr(1) - C(3) - N(3) 174.5(7) 175.0(7) 175.2(5)
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Table B.3: Selected angles (◦) in [Ln3(TDCI)2(H2O)4(µ−CN)2Co(CN)4]
Ln Ho Er Y
Ln(2) - Ln(1) - Ln(1) 60.790(7) 60.805(13) 60.828(19)
Ln(1) - Ln(2) - Ln(1) 58.422(15) 58.39(3) 58.35(4)
Ln(1) - N(1) - C(1) 142.6(4) 141.9(5) 142.3(2)
Ln(1) - O(3) - Ln(2) 105.25(14) 105.55(17) 105.39(8)
Ln(1) - O(4) - Ln(2) 105.63(14) 105.35(17) 105.58(8)
Ln(1) - O(5) - Ln(1) 104.9(2) 103.7(2) 104.51(12)
Ln(1) - O(6) - Ln(1) 103.99(19) 104.7(2) 103.60(11)
O(1) - Ln(1) - N(1) 79.89(15) 80.16(17) 79.97(8)
O(2) - Ln(2) - O(2) 90.4(2) 89.5(2) 89.86(13)
N(5) - Ln(1) - N(6) 147.75(14) 147.33(17) 147.89(8)
N(7) - Ln(2) - N(8) 147.48(19) 147.1(2) 147.61(11)
C(1) - Co(1) - C(1) 91.4(3) 92.2(4) 91.71(18)
C(1) - Co(1) - C(4) 89.0(2) 88.7(3) 88.59(13)
C(4) - Co(1) - C(4) 90.5(3) 90.3(4) 91.08(18)
Co(1) - C(1) - N(1) 177.5(5) 178.3(6) 177.4(3)
Co(1) - C(2) - N(2) 178.8(8) 178.6(10) 177.2(4)
Co(1) - C(3) - N(3) 176.7(7) 177.4(9) 179.8(4)
Co(1) - C(4) - N(4) 177.1(5) 176.8(6) 177.8(3)
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APPENDIX C
SOLID-STATE SYNTHESIS
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Figure C.1: Family of Ln6Br10Co
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Figure C.2: Optimization of [Zr6MnI12]4[MnI4]3
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Figure C.3: Optimization of [Zr6MnI12]4[MnI4]3
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Figure C.4: Holder with Si mirror with crystals of [Zr6MnI12]4[MnI4]3
(a) Picture of a crystal
(b) Picture of another crystal
Figure C.5: Images of crystals of [Zr6MnI12]4[MnI4]3
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